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thermal conductivity, thinness, and flexibility. The hybrid conductive ink, when
combined with silver, often demonstrates superior conductivity and stability. This
research aims to develop a highly thermal graphene hybrid conductive ink, using
graphene nanoparticles, silver flakes, and silver acetate as conductive fillers mixed with
chemical and organic solvents. However, reliable data on the finite element analysis
(FEA) performance of these mixtures is still lacking. Therefore, to address this, the
current study employs an FEA model to simulate total heat flux across various
conductive ink perimeters, focusing on substrate size. The models were created using
CAD software and analysed in ANSYS Mechanical software to simulate temperature
and heat flux. The behaviour of five models with different substrate perimeters was
examined using eight thermal conductivity. Additionally, temperature flow and heat
flux flow transformation were measured in each model to assess the performance of
the hybrid conductive ink. The results show that a 4x4 mm substrate size, with die-
attach and diode sizes of 2x2 mm, provides the best performance at the highest

Keywords: thermal conductivity value (350 W/m.K), achieving a total heat flux of up to 6.6
Conductive ink; thermal conductivity; MW/m?2. Overall, this research illustrates the importance of optimizing substrate size
substrate; finite element analysis to improve thermal management in hybrid conductive inks.

1. Introduction

Conductive inks, formulated from electrically conductive materials, enable the free movement of
electrons when connected to a power source. This is because of their high conductivity, flexibility,
affordability, and compatibility with various substrates, conductive inks are essential in printed
electronics [1-4]. Typically, based on Camargo et al., [2], conductive ink formulations consist of three
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primary ingredients: a conductive substance, a binder agent that effectively combines the conductive
particles and a solvent that functions to suspend the other ingredients and impart the desired
viscosity to the ink based on the printing method chosen. Printed electronics commonly utilize
polymer films, paper, and textiles as substrates. Optimizing performance in 2D and 3D electronic
devices requires careful selection of printing methods, conductive materials, and substrates to
achieve desirable properties such as conductivity, flexibility, and thermal stability [4].

Among conductive materials, graphene is distinguished by its exceptional electrical and thermal
properties, such as superior mechanical strength, flexibility, and high thermal conductivity. These
attributes make graphene an ideal candidate for next-generation electronic applications [5,6].
Thermal conductivity, measured in watts per meter-kelvin (W/(m-K)), is crucial for optimizing heat
transfer efficiency. Enhancing the thermal conductivity of a material can lead to significant cost
savings in heat exchanger systems. Researchers, such as Yarmand et al., [7] have investigated the use
of suspended solid particles to improve the thermal conductivity of base fluids. Meanwhile, Khanafer
etal.[8] and Shekar & Kishan [9] emphasized the need for advanced heat transfer fluids with superior
thermal properties. Additionally, the main findings from Sudhindra et al., [10] mentioned that the
principal results show that the thermal conductivity of graphene and few-layer graphene can exceed
5000 W/mK, which is exceptionally high. Thermal interface materials (TIMs) based on polymers can
significantly increase their thermal conductivity by utilizing this feature. Furthermore, the thermal
conductivity of TIMs can be increased up to 25 times above the original polymer by adding graphene
or FLG fillers to polymer matrices. Variables including filler concentration, thickness, and lateral
dimensions influence the overall thermal performance of graphene/FLG TIMs; bigger lateral
dimensions often translate into better thermal conductivity.

Computational modelling, particularly through Finite Element Analysis (FEA), has gained
significant attention for solving complex engineering problems [11-13]. Tao [14] proposed methods
to improve computational efficiency using ANSYS, addressing challenges such as large deformations,
multi-physics phenomena, and thermal-mechanical coupling. Numerous engineering sectors use the
FEA widely applied across industries, including automotive, aerospace, and electronics, for analysing
heat transfer, dynamics, and structural stability [15-20]. FEA is also used to derive solutions for
several classical static structural problems [21]. Outstanding its capacity to predict performance,
evaluate the applicability of current features and facilities, optimize new designs, and suggest
improvements, FEA is a dependable method of selection.

In the transient thermal simulation, automation and customization are the requirements for the
efficiency of the finite element method. Recently, there has been growing interest in modelling the
thermal conductivity of hybrid graphene nanoplatelets, silver, and other materials (GNP/Ag) to assess
their impact on heat conduction in FEA models [7,12,13]. Additionally, Azli et al., [11] evaluate the
stretchability of different ink patterns when subjected to longitudinal and lateral loading using FEA.
Despite these advancements, there is limited research on the transient thermal behaviour of hybrid
conductive inks, especially concerning the impact of varying substrate sizes and thermal conductivity
fluctuations.

This study aims to fill that gap by investigating the effects of different substrate sizes and thermal
conductivities on the thermal performance of hybrid conductive inks using FEA. Five models with
varying substrate perimeters and eight thermal conductivity values are analysed to assess heat flux
and temperature distribution. Based on the superior thermal properties of GNP/Ag hybrids, the
hypothesis is that smaller substrates with higher thermal conductivity will demonstrate enhanced
heat flux and more uniform temperature distribution. This research aims to contribute to the
understanding of how substrate size influences the thermal behaviour of hybrid conductive inks,
which has practical applications in printed electronics and thermal management systems.
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2. Methodology

The approaches used in this study is to assess the GNP/Ag hybrid die-attach materials' thermal
behaviour across a range of substrate sizes are described in this section. The main goal of this study
was to identify the GNP/Ag hybrid material's thermal conductivity which, when taken into account
with various substrate perimeters, would produce the maximum overall heat flow. Five models with
varied substrate sizes were subjected to eight different thermal conductivity values, and the thermal
performance of each model was simulated and calculated using Finite Element Analysis (FEA). The
objective was to evaluate the effects of heat conduction, which is influenced by thermal conductivity,
on the temperature distribution and heat flow in the FEA models. These FEA simulations were carried
out using ANSYS Mechanical, which has a track record of accurately predicting performance,
assessing design features, optimizing novel configurations, and suggesting possible enhancements.
The focus of this study is on heat transmission and thermal conductivity analysis, which makes FEA a
suitable method due to its reliability. The material characteristics data, specifically for the GNP/Ag
hybrids, were obtained from previous research and pre-existing FEA models, which included
temperature and total heat flow calculations. Furthermore, taking particular reference to the work
of Kamal et al., [13], this study expands upon earlier studies on graphene-based materials.

2.1 Experiment

The experimental procedure comprised multiple crucial phases to comprehensively assess the
characteristics and performance of the GNP/Ag hybrid conductive ink. In order to guarantee a
uniform distribution of graphene nanoplatelets and silver particles, the process started with the
characterisation of the powder and continued with the mixing step. Following mixing and sintering
to improve the link between the particles, the material's mechanical and physical characteristics were
examined to determine its strength and structural integrity. Scanning electron microscopy (SEM) was
used to investigate the microstructure in order to view the internal structure and guarantee that the
conductive particles were bonded and distributed optimally. The GNP/Ag hybrid ink's capacity for
heat transfer was then evaluated by measuring its thermal conductivity. Lastly, the information
gathered from the mechanical, thermal, and physical testing to perform a Finite Element Analysis
(FEA) using ANSYS. This simulation modelled the heat flux and temperature distribution across
various substrate sizes, providing insights into the thermal performance of the hybrid conductive ink.

2.1.1 Powder characterization

In order to produce conductive ink, the study focuses on the formulation of GNP hybrid with
organic solvents or capping agents as in Figure 1 Process of Cognitive Ink. Finding the ideal mix of
organic solvent to combine with a formulation containing silver flake (Ag), silver acetate (SA), and
graphene nanoplatelets (GNP), to make a conductive paste is a crucial component of the study. A
digital analytical balance was used to properly measure and weigh 0.05 g of precisely measured 25
pm-diameter graphene for the experiment. After being gently set down on the weighing plate, the
beaker was given time to stabilize. The beaker's weight was reset using the button on the equipment
which functioned until the display read 0.0000 g in order to assure accuracy. Next, fifty millilitres of
ethanol were added and covered with aluminium foil. Furthermore, the graphene-ethanol mixture
was subjected to sonication for 10 minutes to promote proper dispersion of the GNP within the
solvent. In summary, this process is critical for ensuring homogeneity in the paste formulation, which
will ultimately affect the performance of the conductive ink.
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The use of GNP, Ag and SA in conductive inks improves both thermal conductivity and overall
performance. The GNP has high electrical and thermal conductivity helps to improve the ink's heat
dissipation capabilities. Its large surface area and good electron mobility enable effective heat
transmission, which is critical in applications needing thermal control. In contrast, Ag contribute to
the ink's overall stability and conductivity. Their bigger size and high surface-area-to-volume ratio
create conductive channels, ensuring that the ink's electrical performance remains consistent.
Furthermore, Ag is chemically stable, preventing oxidation and degradation over time, resulting in
long-term conductivity. Incorporating SA helps to build conductive Ag networks.
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Fig. 1. Process of conductive ink

2.1.2 Mixing stage

After weighing the silver flake, silver acetate, and graphene nanoplatelets, then the mixed silver
flake in the ultrasonic bath was stirred for around 1 hour. The same process was also repeated with
silver acetate. After finishing the stir of silver flakes, the stirred mixture was dried at 70°C, 200 rpm.
Oven-heated at 250°C for an hour, air-dried, cooled. Furthermore, the powder ground was mixed
with mortar. Lastly, the mixture was dried, heated, cooled, and ground. Prior to commencing the
printing process, the ink pastes creation procedure, which encompasses the formulation for
GNP/Ag/SA has been successfully executed. Once the powder has been finely ground, it is accurately
weighed to ensure compatibility with the mixture of butanol and terpineol solvents. By using a
dropper, the appropriate formulation will be achieved by adding 26 drops of both butanol and
terpineol.
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The procedure was repeated by employing a Thinky mixer by using the preset coordination.
Additionally, this research used Magnetic Stirrer Model SH-3ABE, voltage 220 and heating power is
500W. In this study, the binder and hardener are added to the ink formulation together with a
conductive substance, such as graphene, to enable the ink to conduct electricity. After completing
GNP/Ag/SA formulation, ink paste is printed on a copper sheet via the mesh stencil method. The
procedure begins with applying mixed paste on the grid using a scraper.

2.1.3 Sintering process

The next step in the method is to cure the paste on the substrate for 30 minutes at 250°C in an
oven. Particle shape is included in sample characterization for microstructure analysis. Surface
microstructure of printed samples evaluated for ink homogeneity using an image analyser.
Additionally, the resistivity values of the samples were determined using a multimeter and followed
with employing mathematical equations. At last, understanding the conductivity of the samples is of
utmost importance in the process.

2.1.4 Physical and mechanical properties evaluation

The mechanical characterization of cognitive ink aimed at obtaining the complete behaviour of
different types of substrate size and heat flow, thus, achieving an overview of relevant engineering
properties, namely density, porosity, shear strength, shrinkage, and microstructure. The apparatus
involved in identifying the classification are optical microscopy, Scanning Electron Microscopy (SEM),
and die shear test.

2.1.5 Thermal Conductivity

Thermal conductivity (k) is the capacity of the body to conduct or transmit heat as in Eqg. (1) [19].

K= QL (1)
AAT
where, k is the thermal conductivity in W/m.K, Q is the amount of heat transfer through the material
in W, L is the length in m, A is the area of the body in m?, and AT is the difference in temperature in
Kelvin unit.
Figure 2 shows the schematic diagram of heat flows in the model and the thickness of each of
the materials.
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Fig. 2. Schematic diagram of heat flows in the model
2.2 Model Configuration

Finite element modeling (FEM) simulations were performed on a design to predict its
performance in terms of temperature and heat flux using ANSYS Mechanical. Because of its capacity
to predict performance, evaluate the applicability of current features and facilities, optimize new
designs, and suggest improvements, FEA is a dependable method of selection. Data of material
properties from prior studies [20,22] and FEA models were used in this study [13,23]. More
specifically data from simulations of temperature and total heat flow, as well as previous studies on
the properties of graphene materials referring to Kamal et al.,, [13]. However, the model showed a
single-size rectangular design in a 3x3 mm perimeter with diode, die-attach, and substrate width
respectively.

The Ansys workbench program, which enables the importation of a geometric layout in CAD
format based on model 1 is used to generate the simulation model as an example required in Figure
3. In this research, five types of models have been simulated where the diode and die-attach size
have remained 2x2 mm. Despite that, the size of the substrate using copper material increases
exponentially from 2x2 mm to 32x32 mm as in Table 1. In one of the models, the substrate perimeter
has been identified to be smaller than in Kamal et al., [13] design, to evaluate the effect of small
rectangular size. Furthermore, to perceive the performance of the total heat flux, this research has
set the various sizes of the substrate which are even larger than the previous researcher. By using
the temperature load value on the Mold and the Ansys program, a transient thermal analysis will be
carried out in this work to look at temperature and total heat flux changes throughout the graphene
conductive ink circuit.
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Fig. 3. Isometric view with FEA specifically for
Model 1 with perimeter size and thickness

Table 1
Size of each material
Model Size
Diode (SiC) Die-attach (GNP/Ag) Substrate (Copper)
1 2x2 2x2 2x2
2 2x2 2x2 ax4
3 2x2 2x2 8x8
4 2x2 2x2 16x16
5 2x2 2x2 32x32

2.3 The Finite Element Analysis

The governing equations are numerically solved at each node using a mesh-generated finite
element approach. As shown in Figure 2, the model preference was used in conjunction with the fine
mesh choice that can limit the errors without significantly increasing computation time and the
Tetrahedrons Patch Confirming (TPC) method. The TPC method creates unstructured tetrahedral
mesh in layers based on a specified layer height and fits it to the geometry. Akeremale et al., [18]
mentioned the solution in the finite element is independent of the mesh choice. This demonstrates
the resilience of the approaches by showing that modifications to the mesh have little to no influence
on the temperature distribution. The computation took a while based on the model. When the bigger
substrate size is generated, the time to produce is longer, and the space to save also bigger in the
computer memory. In the finite element model, this study selected the value 6.5 x 10 elements size.
The relationship between heat flux and material resistance during 1s of heating at temperatures is
from 90.3 to 24° C.

Ovrebo [24] mentioned the maximum temperature performed on diodes as semiconductor
devices. Meanwhile, the minimum temperature is occupied by the circuit’'s ambient temperature
[13]. The results were achieved by numerically solving the governing equations of fluid dynamics that
form the basis for modern computer modelling, known generically as Computational Fluid Dynamics,
or CFD. The mesh-generated 3.25 x 10”7 finite element approach at each node of 786910 which mesh
model of the die-attach sample for 2x2mm substrate perimeter as in Figure 4 and the biggest size is
32x32mm substrate perimeter size as in Figure 5.

Numerous researches have examined the impact of growing substrate size in the contexts of
stress measurement and thermal analysis. Qiang et al., [25] address how substrate size influences
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stress distribution and the uniformity of stress and curvature in deposition processes. Increasing the
size results in a stronger nonlinear effect, which may cause surface defects like delamination or
cracking. In the meantime, larger substrates have been shown to have an impact on heat flow and
thermal conductivity in Mumtaz Rizwee & Deepak Kumar [26]. For example, in material science and
additive manufacturing, enlarging the substrate can alter the way heat is transferred and absorbed
by the material, which affects the behaviour of thermal stress and strain. Other than that, this
perimeter selection is to optimize a proper variety of the printing method, conductive material, ink
formulation, and specifically the substrate is critical for achieving optimal printing performance and
fabricating 2D and 3D structures and electronic devices with the necessary properties for instance
conductivity, optical transparency, thermal stability, flexibility, foldability, resistance to multiple
bending [22]. Increasing the size of the substrate in this model is probably an attempt to investigate
these impacts on the overall heat flux and thermal distribution in the copper substrate in this
research. An observation of variations in total heat flow and thermal behaviour explained the fact
that larger substrates have the ability to provide greater heat capacities and distinct temperature
gradients throughout the material.

The study uses Finite Element Analysis (FEA) with ANSYS software to do a thorough thermal
analysis of conductive inks on a screen-printed circuit. Predicting the circuit's thermal behaviour
under varying heating loads requires this analysis, which focuses in particular on how substrate size
variation affects thermal conductivity and heat flux distribution. The goal of the study is to investigate
the interactions between substrates of various sizes and the various thermal conductivity values seen
in hybrid conductive inks. Important variables like as depth, width, thickness, and length will be
methodically added to the model to assess how they affect the overall thermal performance. Through
an examination of the substrate's impact on temperature dispersion, the research will evaluate how
well various designs optimize heat management.

Y 0.001 {im)
Crm—— - |
0.000%

Fig. 4. Mesh model no 1 for 2x2mm
substrate size
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Substrate

Die-attach

Fig. 5. Mesh model no 5 for 32x32mm substrate size
2.4 Boundary Conditions

The materials that made up the model were identified together with their critical physical
characteristics, such as density, specific heat, and thermal conductivity. The devices were silicon (SiC),
the circuit substrate was copper, and the bottom of the circuit was die-attach. The highest
temperature that was achieved on semiconductor devices, or diodes, was based on [13], which was
applied in this investigation. The minimum temperature on SiC die using metallic die-attach materials
was 24 °C, while a maximum temperature of 90.3 °C was recorded on the die using epoxy die-attach.
The maximum temperature performed on diode as semiconductor devices was referred to Ovrebo
[24] and the minimum temperature occupied from the circuit ambient temperature. These results
were obtained in the initial attempt to establish simulation baseline findings. Epoxy produced higher
temperatures on the SiC diodes than metallic die-attach materials because it had a significantly lower
thermal conductivity [13].

2.5 Die-Attach Properties

Conductive adhesives normally cure at temperatures far lower than those needed for soldering,
which can exceed 250°C. Temperatures between 80°C and 180°C are often used while conducting
adhesive cure, depending on the adhesive type and application. They can be used to attach
temperature-sensitive components, like flexible electronics and semiconductors, which could be
harmed by greater soldering temperatures, because of their lower curing temperature. Certain epoxy
conductive adhesives containing silver, for example, have a curing temperature range of 120°C to
150°C, while adhesives made for expedited processing have a slightly higher curing temperature.
Moreover, these adhesives are significantly more flexible than solder, making them more suitable for
withstanding substrate bending. Lead- and solvent-free conductive adhesives provide an additional
benefit over soldering [26].

The performance of the device during operation is further affected by die-attach, which provides
thermal or electrical conductivity between the die and the packaging as mentioned by Yarmand et
al.,[20]. Table 2 displays additional material attributes and results that were used as a baseline input
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for FEA modelling in order to calculate the overall heat flux. The die-attach domain was divided into
8 samples with progressively increased thermal conductivity, starting at 0 W/mK which is specifically
0.698 W/mK, and increasing to 350 W/mK, with each sample interval representing 50 W/mK without
affecting the density and specific heat data. Galson et al., [30] stated that thermal conductivity
measurements are crucial for evaluating terrestrial heat flow, with various methods available. The
divided-bar and Quick Thermal Conductivity Meter (QTM) techniques have been compared, revealing
that QTM requires at least 5-6 measurements per sample for isotropic rocks and twice as many for
anisotropic rocks. Based on experimental findings or material properties from past research on
graphene-based composites, the thermal conductivity of 0.698 W/m.K. is selected in some studies
[13,20]. This number may represent the lower end of thermal conductivity for composite materials,
for instance, in configurations where defects, filler concentration, and matrix dispersion affect
thermal performance [29].

In thermal analysis, there are numerous significant advantages to beginning with a low thermal
conductivity value, such as 0.698 W/m-K. A more accurate evaluation of the conductive ink's efficacy
is made possible by the baseline it creates for evaluating the performance of materials with greater
thermal conductivities. Lower results for thermal conductivity may indicate less conductive or
optimized forms of the ink, providing information on how less sophisticated formulations function in
comparison to more conductive ones. Since inks with variable conductivities are employed in
practical applications, it is helpful to start with a lower value to predict how various ink formulations
would react to heat stress in realistic situations. Furthermore, this method helps comprehend how
sensitive the thermal behaviour of the model is to variations in thermal conductivity, which is an
important understanding. Additionally, Nguyen et al., [34], stated that composite inks with low
thermal conductivity can be used to directly print thermal management devices like heat sinks.
Therefore, in this research were investigated too about how low thermal conductivity affects
temperature distribution and heat flux, especially in hybrid materials that include graphene and silver
nanoplatelets.

The material parameters from GNP/Ag 1 to GNP/Ag 8, which represented the thermal
conductivity of die-attach materials, are displayed in Table 3 and were employed in the FEA
simulation analysis.

Table 2
Material properties based on Kamal et al., [13]
Materials Properties
Density (kg/m?3) Thermal conductivity (W/m.K)  Specific heat (J/kg.K)

SiC (Diode) 3215 120 650
GNP/Ag 997.9 0.698 378.57
Copper 8300 401 385

Table 3

Calculated material resistance and heat flux

Materials Thermal Conductivity (W/m.K)

GNP/Ag 1 0.698

GNP/Ag 2 50

GNP/Ag 3 100

GNP/Ag 4 150

GNP/Ag 5 200

GNP/Ag 6 250

GNP/Ag 7 300

GNP/Ag 8 350

10
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2.6 Heat Flux

Heat flux and temperature are related in the thermal system. In order to comprehend heat
transport processes, temperature is an essential component of all thermal systems. In contrast, heat
flux is defined as the energy in transit to a temperature difference per unit cross-sectional area
normal to the direction of the flux. Variations in heat flow can cause temperature fluctuations
throughout a material, which in turn affects temperature distribution in heat conduction difficulties.
Shekar and Krishan [9] elaborate on the heat flux impact of GNP/Ag die-attach adhesives with respect
to different types of substrate sizes with increasing thermal conductivity. Cebula et al., [27] use the
solution of an Inverse Heat Conduction Problem (IHCP) to find the local heat flux and temperature
distribution on a thick cylindrical surface. In order to evaluate thermal conductivity between all die-
attach material models, heat flux was applied to the diode surface through to the substrate. On the
different die-attach models, the total heat flux can be calculated using Eq. (2). Fourier’s law of heat
conduction [13,28] can be applied to calculate the heat flux:

q=k(dT/dx) (2)

The heat flux (W/m?) is denoted by g, dT is the temperature of heat applied to the top surface of
the diode with T; = 90.3 °C (measured in Kelvin) to the bottom surface of the substrate ( T> =24 °C),
material thickness is represented by dx, and the thermal conductivity coefficient (measured in
W/m.K) by k.

3. Result and Discussion
3.1 Numerical Result

In this work, the relationship between heat flux and material resistance is examined during a one-
second heating period at temperatures ranging from 24°C to 90.3°C. The study aims to determine
the best-performing GNP/Ag die-attach material in terms of heat conductivity using transient thermal
analysis. A modelling strategy, grounded in thermal theories, was developed to evaluate how varying
thermal conductivity of the die-attach materials affects substrates of different sizes. Among the
materials tested, GNP/Ag 8, with the highest thermal conductivity of 350 W/m:-K, exhibited the
highest heat flux in the simulation, reaching 6.6 MW/m? for a 4x4 mm substrate. As the temperature
increased over time, the heat flux also increased. The simulation started at an ambient temperature
of 90.3°C and reached 24°C within one second. The adaptive time-stepping method was applied to
all eight models. After one second, noticeable variations in the colour contours on the surface of the
circuit model were observed, representing the heat distribution across the die-attach materials. The
finite element analysis (FEA) results for temperature distribution in a 4x4mm substrate for all eight
models are shown in Figure 6. Each model’s temperature flow is illustrated by distinct contour
colours, reflecting their respective thermal conductivities: GNP/Ag 1 (0.698 W/m-K), GNP/Ag 2 (50
W/m-K), GNP/Ag 3 (100 W/m-K), GNP/Ag 4 (150 W/m-K), GNP/Ag 5 (200 W/m-K), GNP/Ag 6 (250
W/m-K), GNP/Ag 7 (300 W/m:-K), and GNP/Ag 8 (350 W/m:-K).

There is an observation that has been explored which is contour colour variation and heat flow
in low vs. high thermal conductivity materials as in Figure 6. For the contour colour variation and heat
flow in low vs. high thermal conductivity materials, the limited range of contour colours in low
thermal conductivity materials is due to their slower rate of heat transmission. In materials like
GNP/Ag 1 (0.698 W/m:K), heat transport is restricted, resulting in a narrow temperature differential
across the material. This causes a small portion of the material to undergo significant temperature

11
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changes, while most of the material remains close to the initial temperature. Consequently, the
contour plot shows fewer colours, indicating low heat distribution. In contrast, materials with higher
thermal conductivity, such as GNP/Ag 8 (350 W/m-K), allow heat to flow more uniformly, creating a
complex temperature gradient. This results in a contour plot with a wider range of colours. Thus, the
simpler colour distribution in low thermal conductivity models reflects limited heat transfer and
reduced temperature variation across the substrate.

Meanwhile, the temperature flow and heat flux distribution across different models in Figure 6
illustrates the temperature flow in the models from three perspectives: (a) side view, (b) front view,
and (c) back view, along with their corresponding contour colour ranges. The temperature ranges
from 90.3°C at the diode surface to 24°C at the lower part of the substrate. Most of the contour plots
display a transition from red to blue, indicating the decreasing temperature as heat dissipates toward
ambient conditions. The most significant temperature changes occur near the diode, while normal
ambient temperatures are observed at the die-attach and substrate due to their thin material layers.
However, in GNP/Ag 1 (0.698 W/m-K), the temperature drops drastically from 90.3°C to 75.567°C,
and then to 31.367°C. This indicates that in low thermal conductivity materials, where values
approach 0 W/m:-K, the temperature transition is more exciting, resulting in a blue contour on the
substrate surface.

Temperature GNP/Ag 1 - 0.698 W/m.K

90.3 Max
82,933
75.567
68,2
60.833
53.467
461
38,733
31,367
24 Min

(a)

Temperature GNP/Ag 2 - 50 W/m.K

90.3 Max
82,933
75,567
€82
60,833
53.467
46,1
38,733
31.367
24 Min

(a) (b) (c)

12
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Temperature GNP/Ag 3 - 100 W/m.K

94.3 Max
82,933
75.567
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24 Min

(a) (b)

Temperature GNP/Ag 4 - 150 W/m.K

90,3 Max
82,933
75.567
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60.933
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461
38.733
31,367
24 Min

(a) (b)

Temperature GNP/Ag 5 - 200 W/m.K

90.3 Max
§2.933
75.567
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60.833
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38733
31.367
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(a) (b)

Temperature GNP/Ag 6 - 250 W/m.K

90.3 Max
82.933
75.567
68.2
60.833
53.467
46.1
38,733
31,367
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(a) (b)
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Temperature GNP/Ag 7 - 300 W/m.K

90.3 Max
82933
75.567
622
60,833
53,467
461
38733
31,367
24 Min
(a) (b)

Temperature GNP/Ag 8 - 350 W/m.K

90.3 Max
82.933
75.567
682
60593
53,467
461
38733
31,367
24 Min
(a) (b)

(c)
Fig. 6. Temperature flow for 4mm x 4mm substrate size with all 8 model values of thermal conductivity

In the meantime, Figure 7 shows the total heat flux distribution across the models. In GNP/Ag 1
(0.698 W/m-K), the total heat flux remains at the highest value of 6.986x10°> W/m?. This high heat
flux is observed across the diode, die-attach, and substrate materials. In GNP/Ag 2 (50 W/m:-K), the
total heat flux decreases, starting from 4.992x10® W/m. The material's intermediate thermal
conductivity accounts for the significant increase in green regions on the substrate surface and the
observed decrease in overall heat flow in GNP/Ag 2 (50 W/m-K). GNP/Ag 2, is less efficient than higher
conductivity materials like GNP/Ag 8, but it still permits greater heat transfer than lower conductivity
materials like GNP/Ag 1. Because the heat is dispersed more evenly throughout the substrate as
opposed to being focused in particular areas, as seen in lesser conductivity models, this leads to a
lower heat flux value. In the contour plot, regions with a moderate heat flux are indicated by the
presence of green areas. This dispersion occurs as a result of the mild conductive nature of GNP/Ag
2, which more evenly distributes the heat across the substrate. High-conductivity materials exhibit a
more diversified heat dispersion, whereas low-conductivity materials tend to have heat that stays
localized, resulting in fewer colours on the contour plot. Between low and high conductivity
materials, GNP/Ag 2 represents a transition region where heat flux is less strong but more uniformly
distributed. As a result, the change in heat transfer is more gradual, as seen by the growth of green
regions when heat transfers from the die-attach material to the substrate.

For GNP/Ag 3 (100 W/m-K), the heat flux rises again to 5.40 x10® W/m?, with the diode showing
an orange colour, and the die-attach region reaching the highest heat flux in red. The connected
materials show significant colour changes, but the substrate surface remains blue, indicating the
lowest heat flux values. The greater thermal conductivity of GNP/Ag 3 (100 W/m:-K) results in a 5.40
x10® W/m? increase in heat flow when compared to GNP/Ag 2. The enhanced thermal conductivity
of GNP/Ag 3 (100 W/m-K) facilitates more effective heat transfer. A higher heat flux is the outcome
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of this enhanced heat conduction, particularly in the die-attach and diode regions. The die-attach
zone achieves the maximum heat flux, shown by red in the contour plot, whereas the diode exhibits
an orange tint, suggesting an intermediate heat flux. Nevertheless, the substrate surface stays blue,
suggesting low heat flow values, even with the increasing heat flux in the die-attach and diode
regions. The reason for this is that heat is concentrated around the source (die and die-attach) before
it disperses entirely into the substrate because the substrate material has a lesser capacity to conduct
heat than the diode and die-attach regions.

The bottleneck caused by the substrate's reduced thermal conductivity, which keeps the heat
from spreading as widely, the substrate stays colder and displays lower heat flow values, as indicated
by the blue colour. In conclusion, the greater thermal conductivity of GNP/Ag 3 enhances heat
transmission in the die-attach and diode regions, while the substrate's reduced capacity to transmit
heat restricts the amount of heat flux that reaches the substrate surface, resulting in the observed
colour differences. This pattern, seen in the GNP/Ag 4 (150 W/m-K), GNP/Ag 5 (200 W/m-K), and
GNP/Ag 6 (250 W/m-K) models, persists because the die-attach material's capacity to transport heat
efficiently rises with its thermal conductivity. The substrate surface, on the other hand, continues to
be blue, suggesting low heat flux values, even if the connected materials (die-attach and diode)
exhibit a noticeable rise in heat flux, represented by the colour changes towards red and green. This
occurs because heat cannot completely disperse across the substrate due to the substrate's limited
capacity to transfer heat, despite the increased thermal conductivity of the die-attach materials. The
substrate stays blue, indicating the ongoing heat flow bottleneck at the substrate level, while the
linked materials show more uniform heat transfer, shown by the green colour, when the thermal
conductivity approaches GNP/Ag 7 (300 W/m:K). The substrate continues to conduct heat at a
different rate than the material, which results in reduced heat fluxin the die-attach and diode regions
even if the material is now conducting heat efficiently there. The red region, which indicates an
intensive heat flux, almost completely vanishes in GNP/Ag 8 (350 W/m-K), the material with the
maximum thermal conductivity, as the heat flux becomes more efficiently dispersed among the
linked components. The effective heat transmission of this material is demonstrated by the rise in
total heat flux to 6.59 x10® W/m?2. The substrate's restrictions keep it from experiencing the same
high flux seen in the connected materials, as evidenced by the substrate surface's continued blue
coloration despite the increased total heat flow.

Total Heat Flux GNP/Ag 1 - 0.698 W/m.K

2.6207e5

1. 74725

87358
5.0051e-5 Min

(a)
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Total Heat Flux GNP/Ag 2 - 50 W/m.K
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Total Heat Flux GNP/Ag 6 - 250 W/m.K
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Total Heat Flux GNP/Ag 7 - 300 W/m.K
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Total Heat Flux GNP/Ag 8 - 350 W/m.K
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Fig. 7. Total heat flux flow for 4mm x 4mm substrate size with all 8 model values of thermal conductivity

This demonstrates that the most total heat flow is seen on 4x4 mm substrates since the GNP/Ag
8 model's enhanced thermal conductivity permits the best possible heat transfer in the die-attach
and diode regions. Nevertheless, the amount of heat distribution throughout the system is
constrained by the substrate's very low thermal conductivity. In the GNP/Ag 8 model with improved
thermal conductivity, in particular, the phenomena where the maximum overall heat flow is observed
on 4x4 mm substrates can be explained by the material's effective heat transfer in the die-attach and
diode regions. The thermal conductivity of GNP/Ag 8 is 350 W/m-K, which guarantees optimal heat
conduction and prompt and efficient transfer of the heat generated in the diode through the die-
attach layer. In these areas, heat is transmitted with little resistance, resulting in high heat flow
values. A bottleneck is created when the heat cannot pass through and into the substrate due to the
decreased conductivity. Heat cannot spread uniformly throughout the system because of the
substrate's uneven heat-conduction rate, despite the die-attach and diode areas' efficient heat-
transfer capabilities. Therefore, even though there is significant heat transfer seen in the die-attach
and diode regions, the substrate's reduced thermal conductivity limits the overall amount of heat
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distribution. The 4x4 mm substrate size maximizes overall heat flow because it enables the system
to strike an ideal compromise between the substrate's constraints and the diode/die-attach's heat
transfer efficiency. The heat is concentrated because the substrate's reduced size further restricts
heat dissipation.

3.3 Relationship between Heat Flux and Substrate Size

Figure 8 shows the total heat flow values for the GNP/Ag die-attach materials, as determined by
transient thermal analysis at the maximum thermal conductivity of 350 W/m.K. across a range of
substrate sizes (in millimeters). The colour contour of the model is strongly influenced by the heat
produced on the substrate surface. In Figure 8(a), the model displays little changes and the heat flux
has little effect on a 2x2mm substrate. The majority of the contour in blue indicates low heat flux
values. This implies that the heat flux from the die-attach material is not efficiently captured by the
smallest substrate size. As the substrate size rises, however, Figures 8 (b), (c), and (d) demonstrate
more noticeable colour variations (4x4 mm, 8x8 mm, and 16x16 mm, respectively). In contrast, larger
substrates allow for greater heat distribution.

The transition of contour colours from blue to red in Figures 8 (b), (c), and (d) illustrates this effect.
The increased substrate size facilitates more effective heat transfer from the die-attach material,
leading to a broader range of colours and higher heat flux values. The most significant effect is
observed in Figure 8 (e) with the 32x32mm substrate, where the maximum heat flux is highlighted in
red. The larger substrate area accommodates and distributes heat more uniformly, resulting in a
colour transition to light brown, particularly around the die-attach and substrate connection area.
This indicates that the larger substrate enhances overall heat dissipation, as the heat can reach and
effectively spread across the outer surface of the substrate.

The colour contour starts to change from blue to red, signifying a rise in the values of heat flow.
The greatest substrate size, 32x32 mm, is the one that has the biggest impact in Figure 8(e), where
the maximum heat flow value is indicated in red. When heat flow reaches the substrate's outer
surface, the contour changes to a light brown hue, especially in the area of the die-attach and
substrate connection areas. This shift implies that heat is dispersed throughout the greater substrate
area. Each subfigure has an explanation that explains why the light brown colour is closer to red,
which denotes a higher heat flow. The die-attach area, where the largest heat flux is focused, is where
this is most noticeable. As thermal conductivity rises, the heat flux rises significantly as well,
particularly between 0.698 and 50 W/m.K. After that, when thermal conductivity rises, the heat flux
increases more gradually and reaches its maximum at 350 W/m.K. This pattern shows that although
thermal conductivity typically increases with heat flux, the largest changes take place around the
lower end of the conductivity spectrum, with more moderate gains occurring at higher conductivity
levels. In summary, the results demonstrate that larger substrate sizes enable more efficient heat
transfer and distribution, leading to more pronounced changes in heat flux and colour contours
compared to smaller substrates. This trend underscores the impact of substrate size on heat
management and distribution within the system.
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Fig. 8. Total heat flux result of GNP/Ag hybrid die-attach materials using transient thermal analysis
in different substrate perimeter saiz at the maximum value of thermal conductivity, 350 W/mK.
(a) 2x2 mm (b) 4x4 mm (c) 8x8 mm (d) 16x16 mm and (e) 32x32 mm

Figure 9 shows an interesting trend in the interaction between heat flux, thermal conductivity,
and GNP/Ag die-attach materials. When the substrate size approaches 4x4 mm, the heat flux begins
to level out even though the overall heat flux value rises and the colour contour shifts across the
model. The overall heat flux drops when the substrate size is increased to 8x8 mm; this dip is visible
on the graph below the 4x4 mm substrate line. For bigger substrate sizes, such as 16x16 mm and
32x32 mm, this trend is still present. This effect happens as a result of the substrate's larger surface
area, which permits more heat dissipation when the size surpasses 4x4 mm. Because of the increased
surface area's ability to disperse heat, the total heat flux value at the substrate is lowered. Stated
differently, as the surface area increases, the model's ability to control and release heat decreases,
which results in a drop in heat flux values above the ideal 4x4 mm substrate size. As a result, the 4x4
mm substrate size is found to be the best choice for managing and containing heat. It maintains an
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ideal heat flux by striking a balance between effective heat retention and efficient heat transport,
hence avoiding excessive dispersion.

In addition, the graph exhibits a steady trend in total heat flow, showing an increase in substrate
size from 2x2 mm to 4x4 mm, followed by a nearly constant value at 8x8 mm. Beyond the 4x4 mm
substrate size, the heat flux gradually increases for larger substrates, particularly at 16x16mm and
32x32 mm. According to Attinger et al., [22], this finding suggests that the 4x4 mm substrate offers
the optimal balance between surface area and thermal conductivity, thus enhancing heat transfer
efficiency. Conversely, larger substrates tend to dissipate heat over a broader surface area, which
may result in a reduction of overall heat flux.

This behaviour aligns with the pattern observed for the 8x8 mm, 16x16 mm, and 32x32 mm
substrates, where the peak heat flux at 4x4 mm is followed by a gradual rise in total heat flux. The
relationship between thermal conductivity and substrate size is significant because changes in
substrate dimensions can influence heat transfer behaviour. Research has shown that variations in
substrate size can affect a material's heat-conducting capacity due to factors such as heat transfer
pathways and thermal boundary conditions. Larger substrates tend to interact more with their
surroundings, leading to increased heat dissipation and, possibly, greater heat losses.
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Fig. 9. Heat Flux vs Thermal Conductivity vs GNP/Ag

The relatively small difference in total heat flux between the 4x4 mm and 8x8 mm sizes observed
in this study is attributed to the balance between surface heat dissipation and internal heat
conduction. As substrate size increases, more heat transfer pathways become available, improving
heat conduction. However, the larger surface area also leads to greater heat loss to the environment.
This dynamic may explain the slower increase in heat flux between these sizes compared to others.
Previous research on thermochemical lithography, thermal conductivity of micro- and nanoparticle
composites, and the influence of particle size on heat transfer has shown that greater heat dissipation
over alarger area can result in lower effective thermal conductivity for larger substrates or composite
materials.
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Several factors can be considered to explain the phenomenon where the highest heat flux is
observed in the 4x4mm substrate, followed by a decrease as the substrate size increases (8x8 mm,
16x16 mm, and 32x32 mm):

i)  Surface Area to Volume Ratio: Smaller substrates, such as the 4x4 mm size, have a higher
surface area to volume ratio. This leads to a more concentrated and intense heat flux, as
the heat generated within the material travels a shorter distance to the surface. As
substrate size increases, the surface area to volume ratio decreases, causing the heat flux
to disperse over a wider region and lose concentration, thereby reducing the overall value
[31].

ii)  Thermal Gradient: Smaller substrates exhibit a steeper thermal gradient (temperature
difference over a distance) since heat does not need to travel as far. The sharp thermal
gradient results in higher heat flux. As substrate size increases, heat dissipation improves,
which lowers the localized heat flux [31].

iii)  Heat Dissipation: The thermal conductivity of the substrate material plays a critical role in
heat transfer. Materials with higher thermal conductivity enhance heat dissipation [32].
Larger substrates can absorb and release more heat, dispersing it over a greater volume,
thus reducing the total heat flux at any given point. In contrast, smaller substrates reach
higher temperatures more quickly and exhibit higher localized heat flux values due to the
limited amount of material available to absorb heat.

iv)  Boundary Effects: In smaller substrates, boundary effects are more pronounced, directly
influencing heat conduction. These substrates exhibit higher heat flux due to steeper
thermal gradients and stronger boundary effects [33]. Larger substrates, with more room
for heat to disperse, may exhibit concentrated heat flux near the edges.

When these factors are combined, the 4x4 mm substrate demonstrates a higher overall heat flux
than larger substrates. This is a common result when performing thermal analysis on materials of
varying sizes.

The interaction between GNP/Ag in conductive ink is very important for enhancing both thermal
conductivity and stability, particularly when modeled through FEA to simulate heat transfer and
electrical performance in various applications. The GNP, renowned for their exceptional thermal and
electrical conductivity, form the foundational component of the ink. When incorporated into the ink,
GNPs provide a high surface area and excellent electron mobility, enabling efficient thermal
dissipation. The direct interaction between GNP and Ag particles enhances the formation of
conductive networks, leading to an efficient thermal pathway through the ink. The high aspect ratio
of GNP allows for effective load distribution, ensuring that the heat is rapidly spread across the
material rather than concentrated at localized points, which could lead to thermal hotspots. In FEA
models, this is represented by a reduction in thermal resistance and a more even heat distribution.

The Ag, because the larger particle size and high conductivity, contribute significantly to the
stability and overall conductive properties of the ink. These Ag provide macroscopic conductive
pathways, creating a robust, continuous conductive matrix that complements the nanostructured
network formed by GNPs. In FEA simulations, the Ag help ensure electrical stability by reducing
percolation thresholds and enhancing the overall conductivity of the ink. They also serve to minimize
the degradation of the ink's properties over time by preventing oxidation, especially in high-
temperature environments.

Meanwhile, the SA, which decomposes upon thermal curing, converts into metallic Ag, further
enhancing the conductivity of the ink. The Ag network formed through this process acts
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synergistically with the GNP and Ag to create a dense, interconnected network that significantly
improves both thermal and electrical performance. In finite element models, the thermal
conductivity is augmented by the enhanced network formation, providing more efficient heat
conduction.

Together, the interactions of GNP, Ag, and SA lead to a conductive ink that demonstrates
improved thermal dissipation, stability, and long-term reliability, where it is the important factors for
advanced electronic and thermal management applications.

4. Conclusion

The study successfully demonstrated the optimal heat conductivity performance of GNP/Ag die-
attach materials with varying thermal conductivities using transient thermal analysis. A modeling
approach grounded in thermal theories was developed to assess the effects of different thermal
conductivity die-attach materials on semiconductor devices and substrate materials. Among the
tested substrate sizes, GNP/Ag 8, with the highest thermal conductivity of 350 W/m.K, yielded the
highest heat flux value of 6.6 MW/m?, particularly at the 4x4 mm substrate size. This result highlights
the superior performance of the 4x4 mm substrate, especially when used with a diode and die-attach
size of 2x2 mm.

The conductive ink offers multiple benefits across various industries due to its broad application
potential. Graphene-based conductive ink is cost-effective to manufacture, requiring only a simple
process to produce the ink, which can be dried at low temperatures. Moreover, it is environmentally
friendly, maintenance-free, and highly durable. Its flexibility and stretchability make it capable of
passing bending tests, thus enhancing its dynamic performance. In conclusion, the study's findings
on substrate size materials' effects on graphene-based conductive ink will contribute to advancing
current technologies. The performance of this conductive ink will continue to surpass that of
materials less frequently used in similar applications.
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