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Abstract: This paper introduces a novel approach to address thermal management challenges in
system-in-package (SiP) technology, which is a significant concern in various advanced technologies.
The main objective is to assess the electrical and thermal performance of the SiP model by utilizing
Chip Cooling Laminate Chip (CCLC) technology. To achieve this, we employed finite element method
(FEM) analysis using COMSOL Multiphysics® and MATLAB® to compare the results of electrical
and thermal SiP models with and without CCLC technology. The numerical simulations revealed
that, as opposed to the traditional model, the temperature variation decreased significantly with a
uniform temperature distribution when employing the CCLC technology. Additionally, the thermal
conduction performance of the packaging system using CCLC demonstrated remarkable reliability
and resolution with cost-effective micro-devices, particularly in micro-medicine applications. The
analysis of the electrical and thermal models reported a maximum error between them of 1.15 °C.

Keywords: chip cooling laminate chip (CCLC); finite element method (FEM); system-in-package (SiP)

1. Introduction

Currently, it is feasible to manufacture more than 100 million transistors on a single
semiconductor die, and the cost per transistor is continuously decreasing. Additionally, the
semiconductor industry is now generating an annual output of transistors that equals or
surpasses the cumulative total of transistors produced in all previous years [1,2]. However,
the primary challenge today is not about how many transistors can be incorporated on
a single chip; instead, it is about how to integrate a wide range of diverse technologies
in a predictable and cost-effective manner. This is where System-in-Package (SiP), an
extension of the System-on-Chip (SoC) concept, offers a solution by overcoming significant
integration obstacles while allowing for optimization of individual chip technologies [3-5].
By preserving the on-chip electrical environment, SiP offers better performance with lower
cost compared to SoC. As a result, it is essential to perceive SiP (System-in-Package) as a
substantially integrated circuit rather than merely a downsized circuit board.

As integrated circuit (IC) fabrication technology continues to advance and the fea-
ture size approaches 90 nm, there is a growing divergence between dynamic random
access memory (DRAM) technology and logic technology, despite both being based on
complementary metal oxide semiconductor (CMOS) technology [6]. The utilization of
embedded DRAM is hindered by its high fabrication complexity and low yield, making it
an impractical and cost-ineffective solution [7,8]. An alternative solution is memory /logic
integration based on SiP technology. In contrast to the System-on-Chip (SoC) approach,
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which requires compromises in chip fabrication technologies, the System-in-Package (SiP)
approach maximizes the potential of integrated circuit (IC) technology. It achieves this
by seamlessly integrating conventional application-specific integrated circuits (ASIC) and
memory technologies by using existing ICs that have been individually optimized. This
approach allows for the integration of memory and logic at a reduced cost and smaller
form factor while maintaining comparable performance to that of SoC designs.

System-in-package (SiP) technology entails the integration of multiple chips on a com-
monly used 2D or 3D substrate, creating a compact system. It offers an excellent solution
for combining diverse manufacturing technologies and integrating multiple devices when
meeting all requirements on a single die becomes challenging or expensive. However, as
packing densities increase, effectively managing heat dissipation between SiP chips and
addressing the self-heating of individual chips becomes vital. This is crucial due to the
adverse effects high temperatures can have on performance and reliability [9-12]. Therefore,
researchers and electronic developers have turned their attention to thermal management
problems in SiP implementations.

The prevalent method for constructing SiPs is through stacked chips, which eliminates
the need for additional chip layout design processes. However, this stacked construction
poses challenges when seeking superior heat efficiency compared to traditional designs
due to its lower heat conductivity. Advancements have been made in SiP technology
to tackle this limitation. In a CCLC module, a thin film serves as a substrate, wiring
resource, and decoupling capacitor for the power source. The chips are soldered to both
sides of the laminate, which allows heat dissipation through the top and bottom of the
package. Moreover, CCLC provides better electrical and thermal performance compared to
Chip-on-Chip (CoC) technology [13,14].

The proposed SiP model with CCLC technology was modeled with the COMSOL
tool. COMSOL Multiphysics® is a modular finite element numerical computation tool
allowing modeling of a wide variety of multi-physics phenomena to characterize a real
problem. It represents a design tool as well, thanks to the ability to manage complex
2D and 3D geometries and to the different physical modules in COMSOL Multiphysics®,
among are fluid mechanics, heat transfer, electricity, electromagnetism, chemistry, structural
mechanics, etc. It is possible to combine several physical phenomena in the same numerical
simulation, which is one of the strong points of this tool.

Thermal management of SiPs is a crucial aspect of the design and manufacture of these
advanced electronic packages [15-18]. Efficient thermal dissipation, optimized thermal
design, use of suitable thermal materials, accurate thermal simulations, and, if necessary,
advanced cooling systems are all important elements of SiP thermal management to ensure
stable and reliable performance.

The CCLC method is a new technology used in SiP and reflects several aspects, such
as efficiency, precision, and integration; it has a number of advantages:

(i) Improved heat dissipation: the CCLC method provides more efficient heat dissipation
compared to traditional cooling methods. It uses a thin film to transfer the heat
generated by the components, allowing for more efficient heat dissipation and better
temperature control.

(i) Hot Spot Reduction: the CCLC method helps to reduce hot spots, which are high-
temperature areas on the SiP. By directly cooling the chips and effectively removing
the generated heat, it helps to maintain more consistent temperatures throughout the
SiP, thereby reducing the risk of overheating and thermal stress.

(iii) Improved power density: SiPs combine multiple components and features into a
single package, leading to increased power density. The CCLC method effectively
manages this high power density by rapidly removing heat generated by the compo-
nents, helping to maintain reliable performance and avoiding heat-related problems.

(iv) Design Flexibility: CCLC technology provides greater design flexibility for SiPs.
Because heat dissipation is managed by a cooling system, designers can have more
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freedom in arranging components and tracks without being limited to the strict
thermal constraints of traditional cooling methods.

(v) Size and Weight Reduction: by enabling better heat dissipation, the CCLC method
can reduce the need for heat sinks and other cooling devices, which helps reduce
the overall size and weight of the SiP. This is particularly beneficial for applications
where space and weight are critical factors, such as portable devices or compact
embedded systems.

The CCLC method offers improved thermal dissipation, reduces hot spots, handles
high power density well, allows greater design flexibility, and reduces the size and weight
of SiPs. These advantages make it a promising technology for applications requiring
efficient thermal management and high performance.

In the field of microelectronics, the issue of thermal control and management is widely
acknowledged. While significant efforts and efficient models have been proposed for
reducing the negative impact of self-heating on circuit operation in SoC, there is currently
no effective solution proposed for SiPs [19,20]. Furthermore, heat removal remains a chal-
lenging problem for SiP designers. In [20], several techniques for the thermal management
of electronic devices were presented. However, these techniques mainly focus on devel-
oping solutions suitable for steady-state operations. In addition, according to [21] SoCs
are increasingly used in applications involving time-varying workloads. This is partly due
to the detailed thermal management solutions proposed to ensure their performance and
reliability [22-24].

The objective of designers is to integrate memory and logic in mixed-signal and digital
applications as well as to integrate passive components with active circuitry in the final
system-in-package (SiP). To ensure optimal performance, temperature monitoring is crucial
throughout the operation of the SiP. Unfortunately, merging any of these technologies
can compromise each of them and increase the complexity of thermal management. This
negatively impacts the time-to-market of new products, especially memory cells, which
would cost more to manufacture with integrated dynamic random access memory (DRAM).
By combining several levels of memory in a stack, a multi-layer memory combination can
be realized, as shown in Figure 1 below.

| Pseudo SRAM |

_7 _7 'DRAM' Y_ \_
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Figure 1. Multiple memories stacking in SiP.

Several technologies have been proposed for the creation of system-in-package (SiP)
modules, with the stacked-chip SiP technology the most commonly employed. This method
eliminates the need for any additional design processes during chip design, making it a
popular choice in SiP development. However, it has a number of limitations. For example,
the bonding wires used in this technology have lower electrical properties, including
high parasitic inductance. Additionally, the stacked structure leads to subpar thermal
heat conductivity. Therefore, achieving improved electrical or thermal performance is
challenging compared to traditional designs. To overcome these issues, Chip-on-Chip SiP
technology (CoC) has been proposed in multiple studies [25,26].

CoC has introduced an innovative module called FPGA /DRAM SiP designed to en-
hance memory access by combining a high-capacity FPGA and multi-bank DRAM within a
single package. This integration is facilitated through solder bumping and flip-chip assem-
bly techniques, enabling the incorporation of diverse chips with reduced interconnection
lengths and increased 1O densities. However, an important limitation of CoC is that it
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can only be utilized when the substrate chip has sufficient size to accommodate all other
chips. To address this issue, CCLC technology was introduced in [27,28]. CCLC technology
employs a thin film laminate that serves multiple functions as a package substrate, wiring
resource, and decoupling capacitor for the power source. The chips are solder-bumped
on both sides of the laminate, enabling heat dissipation from both the top and bottom
of the package. Consequently, CCLC technology delivers superior electrical and thermal
performance compared to CoC solutions.

Our contributions in this paper are as follows: (1) we analyze the thermal process
in SiP with and without CCLC technology using the finite element method (FEM) in
COMSOL Multiphysics®; (2) we study the electrical performance of the resulting SiP with
MATLAB®; and (3) we conduct a comparison study between the electrical and thermal
models presented in this paper in order to prove their performance advantages over
conventional SiP technologies.

This article proposes an innovative method to manage heat in system-in-package (SiP)
technology. This is a critical design concern in many advanced technologies.

The remainder of the paper is organized as follows. In Section 2, we present the
electrical performance analysis of the proposed CCLC-based SiP. In Section 3, the thermal
performance of the CCLC-based SiP is examined by developing a thermal model and
simulating it using COMSOL Multiphysics®. Finally, Section 4 concludes the paper with
our closing remarks.

2. Electrical Performance Analysis of CCLC-Based SiP
2.1. CCLC Technology

The focus of this paper is on the concept of a complex material package, which oper-
ates under the assumption that heat transfer primarily transpires through heat conduction
between individual dies. The dissipated heat generated by power is directed along a ther-
mal path, enabling the efficient flow of energy within the system. While the development of
thermal paths has been widely explored in diverse industries, such as air cooling and water
cooling, IC (integrated circuit) packaging poses distinctive challenges due to its compact
size, high power distribution, dense wiring, and limited accessibility. Therefore, this study
proposes a schematic design that can address the specific requirements of a multi-chip
module (MCM) by ensuring more effective and accurate thermal management.

The objective of this study is to propose a thermoconductive path that connects two
arrays. This path incorporates a thermally conductive material that is joined to the support
structure through ribbons along the flat and thin edges. The backing material plays a crucial
role in efficiently conducting thermal energy away from the housing. This research explores
two types of components: a thread connection, and a hybrid configuration combining
thread and flip-chip connections. Figure 2 illustrates the schematic of a Chip Cooling
Laminate Chip (CCLC) solution demonstrating the implementation of multiple layers of
stacked chip packages.

Wires Chip

Underfill T
_____ { i Bump

Bonnding pad

Ball Printed wiring board Interposer substrate

Figure 2. Layers of stacked chips.

Industry is interested in the SiP configuration due to its advantages in terms of com-
ponent integration, improved performance, reduced power consumption, cost reduction,
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and design flexibility. SiP offers an efficient approach to meet the increasing demands for
more compact, powerful, and energy-efficient electronic systems.

Figure 3 depicts a thermal conduction layer sample comprising a thin film or foil with
high thermal conductivity of 384.1 W/m-K.
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Figure 3. CCLC technology sample model.

In the CCLC technology module, the laminate is part of the packaging shown in
Figure 2, while the upper and lower chips consist of a flip-chip mounted on the laminate.
The decoupling capacitors are integrated, resulting in a better power-to-ground structure
in comparison with the CoC architecture. Among the features of the CCLC package are:

¢ Maximum off-chip delay;

*  Signal round-trip time < rise time (500 ps);

e  Inter-chip skew < board skew (500 ps);

*  No termination resistor required;

*  Smaller buffer size and minimized ESD protection.

When logic and memory chips are assembled with the CLC, they are electrically consid-
ered CCLCs, and are on the same chip electrically even if they are physically manufactured
on different chips.

The substrate takes the shape depicted in the illustration, with the dies securely bonded
to the central frame and irregularly shaped bands that conform to the electrical bond’s unique
contours. A conductive heat pattern is applied to the substrate, facilitating swift dissipation of
the heat produced by the dies. The efficient dissipation of heat minimizes the thermal stress
experienced by both the bonding and die layers, leading to a notable reduction in issues such
as layer delamination, die failure, electrical connection failure, and other potential defects.

In addition to resolving the thermal conductivity issue, this approach entails a more
intricate and multi-step chip bonding and stacking process, resulting in a greater stacking
thickness due to the larger package size resulting from the thermal conduction liner. Despite
these drawbacks, the technique’s effectiveness in dissipating heat and reducing temperature
strain makes it advantageous. This is particularly true in light of the growing demand for
greater reliability and more stringent temperature monitoring [29].

The presented plan involves incorporating a thermal dissipation element; its focus is
not on establishing a specific thermal conductivity pattern, however. The reasoning behind
this is informed by the proposed approach depicted in Figure 4.

Mold compound Die attach Die Wire bond

|

[ —— [— !\ Solder

mask

Solder ball Laminate Via

Figure 4. Integration of the laminated chip technology.

The use of laminated chip technology offers significant packaging advantages for
MCMs that consist solely of chips.
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Figure 5 shows an example of an integration module that can help in understanding
Equations (1) through (6) in the next section.

Figure 5. The integration module implemented by CCLC technology.

This tighter integration provides more memory access bandwidth than onboard graph-
ics memory while requiring little overhead.

2.2. Modeling and RLC Equivalent Circuit

In this section, our objective is to analyze the electrical characteristics of the SiP based
on CCLC technology. We accomplish this by modeling the circuit depicted in Figure 3
to evaluate the SiP’s performance. By approximating the resistances (R), inductances (L),
and capacitances (C) of the rerouted metal and solder bumps, we obtain an equivalent
circuit. The pad primarily serves as a capacitive load for the output driver. We can easily
calculate the capacitance of the pad as a load for the output driver using the approximate
Formula (1) mentioned in [30]:

Cpad = €0x |1.15 Aﬁ;’d +14 (%)0'”2 Ppad (1)

The variables used in the equation are as follows: A, represents the area of the
bonding pad, Py, represents the perimeter of the bonding pad, H represents the height
of the bonding pad with respect to the conductive silicon substrate, and T represents the
thickness of the metallization layer on the bonding pad.

The reason that the coupling capacitance for rerouting wires can be disregarded is
due to the typically spacious gaps between them. Therefore, the wire capacitance can be
calculated using the formula described in [30]:

4% T
Eox @ +2.8 (E)O.ZZZ X Wreroute (2

Creroute =

The length of the rerouting wire, denoted as Wieroute, can be calculated using an
equation that considers the width of the wire (W), the height of the rerouting layer above
the conductive silicon substrate (H), and the thickness of the rerouting material (T).

Assuming the center of the chip as the origin, the chip has dimensions M x N, and the
solder pitch size is P. If we denote the location of the solder as (x, y) and it is positioned in
the upper-right quarter of the chip, we can proceed with the calculations. In such a case,
we can determine the length of the wire using the following Formula (3):

(M N

Wieroute = min | — —x, — —y | +aP (©)]
2 2

where « is a parameter dependent on the chip geometry. To make estimating the equivalent

resistance more straightforward, we make the assumption that the rerouting interconnects

can be treated as a single metal line. This is a reasonable assumption, as rerouting typically
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involves either no change or only one change of the routing layer as long as there are
sufficient routing resources available.

W,
Rieroute = o I/\;e::m]tf (4)

The equation involves the use of several variables. The variable p represents the resis-
tivity of the metal line, while W represents the width of the interconnect and T represents
the thickness of the metal layer. Additionally, we can model the solder as a cylindrical
conductor. To estimate its resistance, we can employ the following Formula (5):

4H14
R — S0 E?’. 5
solder = Psolder D2 ®)

To calculate the resistance of the solder, Formula (5) considers the resistivity of the
solder material, denoted as ps4., along with the solder’s height Hyy4., and diameter D.
These parameters are used to estimate the resistance value. The capacity of the weld joint
can be calculated from Equation (1) and deduced as follows:

nD? Hsotder \0.222
C lder = €lami 1.15 +14 S0naer - nD]|. (6)
solder aminate 4Hsl ( Hsl )

In addition, each solder bump underneath contributes approximately 0.5 nH induc-
tance [31]. Therefore, we have the equivalent RLC listed in Table 1.

Table 1. The values of RLC in the equivalent circuit of the CCLC technology.

R (Ohms) L (nH) C (pP

Pad 1.28 0.5 0.362
Wire 2.98 0.5 0.377
Solder 3.46 0.5 0.0317

By adopting chip stacking the need for extra rerouting layers is eliminated, resulting
in cost savings and reduced design complexity. However, the introduction of bond wires in
the stacked configuration leads to significant inductance, which imposes limitations on its
application in the high-frequency domain. In our analysis, we model the bond wire as a
copper line with a diameter of 25 pm and length of 3 mm.

The equivalent circuits of the I/O path with and without CCLC are shown in Figure 6.

R I‘so{ld‘er R L A R

“solder solder

Driver

load

pad Cwire (b) wire
Figure 6. RLC equivalent circuit for (a) with CCLC technology and (b) without CCLC technology.

The Simulink model based on the RLC circuit uses Equations from (1)—(6) to describe
the circuit’s behavior. The steps for building and simulating a Simulink model for an RLC
circuit are as follows:
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1.  Model construction: in Simulink, we used function blocks to represent RLC circuit
components such as the resistors, inductors, and capacitors and used lines to represent
electrical connections.

2. Component parameterization: we specified the values of RLC circuit components

such as the resistors, inductors, and capacitors as shown in Table 1. These parameters

were configured in the corresponding blocks of the Simulink model.

Adding signal sources: a signal source was added to power the RLC circuit.

4. Simulation: the simulation was run after building and configuring the Simulink model
of the RLC circuit. Simulink uses the appropriate mathematical equations to solve the
behavior of the RLC circuit as a function of the defined parameters, signal sources,
and initial conditions.

5. Analyzing the results: after the simulation, we analyzed the results shown in Figure 6
to understand the behavior of the RLC circuit.

w

The obtained thermal results are presented in the next section covering the RLC circuit
analysis.

2.3. Result of the Simulation of RLC Equivalent Circuit

We simulated the above circuits (Figure 6) using MATLAB®. The objective was to
analyze the thermal performance of the CCLC technology using the equivalent RLC circuits.
Figure 7 illustrates the results of the thermal simulation.

80

Temperature ( °C)

207#'

0 L L T S R S |

—#—With CCLC
=+6-= Without CCLC

1

Time (S)

10

L
100

Figure 7. Maximum temperature generated with and without CCLC technology.

After analysis of the results reported in Figure 7, the maximum value of the tem-
perature without CCLC technology was 71.85 °C and the maximum value with CCLC
technology was 43.85 °C. Thus, we can deduce that the use of CCLC technology allows the
global temperature to be reduced, which aids in the thermal management of SiPs.

The temperature can evolve in different ways depending on many factors, such as
the thermal properties of the CCLC technology and the heat sources presented by the RLC
circuit. Among the reasons that the temperature can be stable over less than a second and
continue to rise after 20 s are:

1.  The RLC circuit quickly reaches a state of thermal equilibrium with its surroundings,
and the temperature can stabilize in less than a second. This can happen when the
R, L, and C components rapidly exchange heat with their surroundings and reach a
balanced temperature.

2. When the RLC circuit is subjected to continuous heat sources, the temperature may
continue to rise even after 20 s. In this case, the constant heat input outweighs the
heat loss, resulting in a continuous rise in temperature.

3. The values of the RLC equivalent circuit shown in Table 1 can influence heat propaga-
tion and thermal response, leading to rapid stabilization followed by a continuous
rise in temperature.

In order to validate our thermal model, in the next section we present temperature
simulations carried out in COMSOL Multiphysics® based on the finite element method
and compare them to the maximum temperature values obtained with the MATLAB® tool.
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3. Heat Analysis of SiPs Based on CCLC

As mentioned above, a series of numerical models were simulated in COMSOL
Multiphysics® using FEM [32-34]. Figures 8 and 9 depict these numerical models, while
Figures 10 and 11 show the temperature distribution results obtained from the simulations.
In the traditional die-layered approach, there exists an adhesive layer and an electrical
conductivity layer positioned between the two dies. However, the thermal conductivity
of this layer is often disregarded due to its narrowness and the focus on its electrical
conductance within the bonding lane [35,36]. However, the junction layer, despite its
narrowness, possesses significant heat conductivity [37,38], making it one of the crucial
factors affecting heat distribution. Table 2 lists the parameters used in the model.

Table 2. The measurable attributes of important materials present in the simulated SiP in terms of
their physical properties.

Substrate Dies Conductivity

Materials Ceramic Si Copper
Depth (um) 1000 100 50

Surface Size (mm?) 30 x 30 10 x 10 10 x 10
Thermal Conduction (W/m-K) 1.49 0.75 390
Thermal Capability (J/Kg-K) 877.96 834.61 390

Thermal Expand Modules (K1) 1.08 x 1075 9 x10°° 24 x 1074

Ratio of Poisson (NA) 0.22 0.23 0.37

In the illustrated model (Figure 8), the top surface temperature of each die is consid-
ered separately, with values of 5, 10, and 10 Watts for both the upward and downward
directions. The bottom surface of the substrate is assumed to have a temperature of 25 °C.
This configuration involves stacked dies bonded together with a glue layer, represented
by the blue region, while the array of chips deposited on the substrate is depicted in sil-
ver. The model depicted in Figure 8 showcases the Chip Cooling Laminate Chip (CCLC)
arrangement simulated using the COMSOL tool.

CCLC 3

CCLC 2
I

] e |

CHIP 3 5W
{> [—1 ]
-

Figure 8. CCLC technology modeled with COMSOL.

Heat transfer solvers play a crucial role in predicting the temperature of circuits and
systems. These software programs are equipped with heat transfer codes that help to
identify any issues with compliance. The results generated from the heat transfer analysis
can provide a visualization of the temperature distribution and detect whether there are
any instances in which the operational limits are exceeded, especially in system-in-package
(SiP) setups. The heat transfer results obtained from the simulations enable designers to
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assess the effectiveness of the current design and determine whether optimization is neces-
sary. By employing numerical solvers, various thermomechanical phenomena, including
temperature distribution, the average temperature of heated surfaces, and pressure drop
effects, can be analyzed.

In order to confirm that the thermal results obtained are stable, we can run simulations
with a normal triangle mesh and a denser triangle mesh. Appropriate meshing is essential
to obtain a stable and robust solution, as in the case of the normal triangles used in Figure 12
to represent the geometry. Figure 12 depicts the denser triangle mesh geometry of the
CCLC concept studied and modeled using COMSOL Multiphysics®.

Results obtained from the denser triangle mesh can be easier to interpret, as they
provide a more detailed representation of the thermal phenomenon under study. This can
lead to a better understanding of local characteristics and fixed boundary conditions.

o
curpi  cmip2  CHIPS Ceramic

Copper

SiP

o
Figure 9. Normal triangle mesh geometry of the model studied in COMSOL Multiphysics®.

Temperature (K)distribution of the model without CCLC
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s 313.13
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Figure 10. Model thermal results without CCLC.
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Temperature(K)distribution of the model with CCLC

A 318
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Figure 11. Model results with CCLC.
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o
Figure 12. Denser triangle geometry of the model studied in COMSOL Multiphysics®.

In our study, we used the COMSOL Multiphysics® tool to generate heat maps for
models with and without CCLC technology. Initially, we assumed an even temperature
distribution over the entire structure with a denser triangle mesh and a base temperature
of 25 °C (298.15 K) at ground level. Figure 13 shows the temperature results obtained from
the model without CCLC.

After initial modeling of the system using COMSOL Multiphysics®, we carried out
an in-depth analysis of the heat distribution resulting from the three heat sources in the
absence of CCLC technology. This analysis revealed a maximum temperature of 72.85 °C
(346.19 K) inside the system using the denser triangle mesh type. We can run simulations
with a normal triangle mesh. Figure 9 depicts the normal triangle mesh geometry of the
CCLC concept studied and modeled using COMSOL Multiphysics®.

We employed two methods in modeling our CCLC using COMSOL: Computational
Fluid Dynamics (CFD) and Finite Element Method (FEM). The evaluation of thermal
performance in electronic systems often relies on simulation techniques supported by
specialized preprocessing and postprocessing tools. Finite Element Method (FEM) solvers
are extensively utilized for heat transfer analysis [39-41]. Figure 10 depicts the temperature
outcomes obtained from the model without CCLC.

Following the initial modeling of the system using COMSOL Multiphysics®, we
conducted a thorough analysis of the heat distribution resulting from the three heat sources



Electronics 2023, 12, 3154

12 of 16

in the absence of CCLC technology. This analysis revealed a maximum temperature of
70 °C (343.15 K) inside the system using the normal triangle mesh type.

We observe that the thermal results obtained using both normal triangles and denser
triangles are stable, with a very low error rate of around 0.9%. Thus, neither types of mesh
can lead to numerical instabilities such as solution non-convergence. According to these
comparison results, our thermal simulations can be continued using either of the two mesh
types while keeping the normal mesh type for all future results.

Temperature (K)distribution of the model without CCLC
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Figure 13. Model thermal results without CCLC.

In a thermal model, inhomogeneity refers to the presence of spatial and temporal
variations in thermal properties in SiP. This means that thermal characteristics such as
temperature, thermal conductivity, and heat capacity are not uniform throughout the
system. It is important to account for inhomogeneity in this thermal model in order to
obtain accurate and realistic predictions. Without accounting for these variations the model
results may be biased and not match the experimental observations and actual behaviors of
the SiP system under study.

The presence of a maximum temperature in the corner of the base plate can be at-
tributed to several factors. Possible explanations include:

e If the plate is subjected to heat flow from an electronic component, the heat dissipation
may not be uniform across the entire surface of the plate; the corners of the plate may
have lower heat dissipation due to less heat conduction to the environment than other
more exposed areas. This can result in heat building up in the corners and higher
temperatures.

*  Here, the corners of the plate are affected by boundary conditions of 25 °C, which
favors a temperature increase; for example, if the corners are insulated or partially
insulated, they can retain heat and reach higher temperatures than other parts of
the plate.

¢ Natural convection can play a role in the distribution of heat through the plate. Weaker
natural convection effects can result in heat buildup and peak temperatures.

Figure 11 shows a visual presentation of the model’s heat map of, offering a compre-
hensive depiction of the temperature distribution. The heat map highlights a maximum
temperature of 45 °C (318.15 K), providing valuable insight into the overall thermal behav-
ior of the system.

Figure 11 presents a cross-sectional view of the temperature distribution, illustrating
a symmetrical split. This split indicates a reduction in temperature within the network,
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with the highest temperature level of approximately 70 °C decreasing to 45 °C. This
result suggests that the thermal conductivity strips are able to effectively transfer heat
to the carrier, thereby reducing thermal resistivity between the films and minimizing
temperature centralization.

To mitigate hot spots in the corners of the SiP it is important to consider heat dissipation
in the early design stages. This can include proper component selection and layout, creating
efficient heat dissipation paths, optimizing airflow around the SiP, and using materials with
high thermal conductivity. A combination of several of these approaches is recommended
to achieve a significant reduction in hot spots in the corners of the SiP. However, it is
important to consider cost, space, and performance constraints when implementing these
solutions, as increasing the heat sink area in the corners by using larger heat sinks or adding
additional cooling fins is generally not a solution favored by industry. Figure 14 showcases
the transient temperature distribution on the examined chips, comparing the scenarios
with and without CCLC technology.

Chip 1
65 L Chip 1 with CCLC - 1
Chip 3
Chip 2 *
Chip 2 with CCLC 1
Chip 3 with CCLC

60 |

ERR

55

50

45 | +

40 | a

Transient temperature (°C)

35 L o

30 | 1

1 L 1 L 1
0 5 10 15 20
Time (second)

Figure 14. Thermal transient distribution on chips with and without CCLC.

Figure 14 presents compelling evidence supporting the advantages of employing
CCLC technology. It demonstrates the effectiveness of CCLC as a thermal barrier, which
significantly enhances the area available for heat diffusion within the carrier. As a result,
heat is distributed more evenly throughout the system and temperatures remain below
45 °C, enabling electronic devices to function effectively under such conditions.

The system temperature can be effectively reduced by utilizing metal-based materials
as a replacement for the substrate in high-powered dies. Additionally, substituting the
carrier with metallic-based or silicon materials that offer superior heat conductivity can
further contribute to decreasing the substrate temperature.

To verify the effectiveness of our approach, we provide a comprehensive comparison
between the results of the electrical performance analysis of a CCLC-based SiP, as discussed
in Section 2, and the thermal results of the same SiP configuration presented in Section 3.
Table 3 summarizes the comparison results.

Table 3. Comparison between electrical and thermal analysis results of CCLC-based SiP.

Without CCLC Technology With CCLC Technology
Electrical analysis (°C) 71.85 43.85
Thermal analysis (°C) 70 45

Error (°C) 1.85 1.15
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The electrical and thermal evaluations of SiPs without CCLC technology exhibit
satisfactory concurrence, demonstrating a maximum deviation of 1.85 °C. For SiPs with
CCLC technology the agreement between the electrical and thermal analysis was even
better, with a minimum error of 1.15 °C.

In order to validate our methodology, we present a comprehensive comparison with
relevant literature and quantify the rate of overheating error in our SiP module. This error
occurs when our module reaches a dangerously high temperature that can damage or
destroy it. In certain cases this may be due to cooling system failure or equipment overload.

Table 4 outlines how the proposed CCLC system compares to similar works.

Table 4. Analysis of the performance of the CCLC system in comparison to similar studies.

References Proposed [42] [43]
Method ccLc @ BGA (®) LTI ()
Temperature (°C) 71.85 100 105.50

Error (°C) 1.15 2.16 3.09

@) Chip Cooling Laminate Chip (CCLC). ®) Ball Grid Array (BGA). (© Linear Time-Invariant (LTI).

We analyzed the thermal performance of the CCLC-based SiP module using COMSOL
commercial software. We tried to compare the error rate for each technique for both BGA
and LTL

Table 4 showcases the increased efficiency achieved through the implementation of
the CCLC-based approach proposed in this study. We have compared these results with
the methods presented in [42,43].

These findings indicate that our proposed model holds significant promise, particularly
in terms of temperature reduction, which constitutes the novel contribution of this research.
This enhanced performance represents a noteworthy solution considering the lack of
dependable methods available to assess and mitigate temperature levels in many SiPs.

4. Conclusions

In this paper, we introduce a novel thermal management approach for system-in-
package (SiP) technology. Our research demonstrates the effectiveness of CCLC technology
in facilitating the rapid dispersion of thermal heat. This method represents a significant
advance over conventional thermal dispersion models by strategically managing the paths
of thermal conductivity. Based on the electrical and thermal model analysis, the maxi-
mum temperatures in the arrays are reduced to their minimum with a maximum error
of 1.15 °C. Additionally, this study presents an approach that can be applied to chip-on-
chip (CoC) packaging, particularly in scenarios where there is a significant increase in
the power of one or two chips. In our future work, we plan to implement this method in
microchannel/microjet heat sinks to develop our first realistic SiP circuit.

Author Contributions: A.O. developed the first version of the proposal and wrote the first version
of the paper; D.S. completed the work and improved the approach for system-in-package (SiP)
technology; ].Z. drove a deep revision of the paper to bring it into its present form; finally, A.L. is the
senior author, and as a thermal modeling specialist supervised all steps of the work from conceptual-
ization to paper writing and revision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Electronics 2023, 12, 3154 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

Datta, S.; Dutta, S.; Grisafe, B.; Smith, ].; Srinivasa, S.; Ye, H. Back-end-of-line compatible transistors for monolithic 3-D integration.
IEEE Micro 2019, 39, 8-15. [CrossRef]

Ho, V.; Scansen, D.; Keyes, E. The 1 billion transistor processor: Who will be first? Semicond. Int. 2003, 26, 56.

Chen, MLE,; Chen, E.C.; Chiou, W.C.; Doug, C.H. System on integrated chips (SoIC (TM) for 3D heterogeneous integration. In
Proceedings of the IEEE 69th Electronic Components and Technology Conference (ECTC), Las Vegas, NV, USA, 28-31 May 2019;
pp- 594-599.

Oukaira, A.; Said, D.; Zbitou, ].; Lakhssassi, A. Finite Element Method for System-in-Package (SiP) Technology: Thermal Analysis
Using Chip Cooling Laminate Chip (CCLC). In Proceedings of the IEEE International Conference on Ubiquitous Information
Management and Communication (IMCOM), Seoul, Republic of Korea, 3-5 January 2023; pp. 1-5.

Oukaira, A.; Said, D.; Zbitou, J.; Lakhssassi, A. Transient Thermal Analysis of System-in-Package Technology by the Finite
Element Method (FEM). In Proceedings of the IEEE International Conference on Microelectronics (ICM), Casablanca, Morocco,
4-7 December 2022; pp. 30-33.

Amirsoleimani, A.; Alibart, E; Yon, V,; Xu, J.; Pazhouh, M.R,; Ecoffey, S.; Beilliard, Y.; Genov, R.; Drouin, D. In-Memory
Vector-Matrix Multiplication in Monolithic Complementary Metal-Oxide-Semiconductor-Memristor Integrated Circuits: Design
Choices, Challenges, and Perspectives. Adv. Intell. Syst. 2020, 2, 2000115. [CrossRef]

Garzon, E.; Teman, A.; Lanuzza, M. Embedded memories for cryogenic applications. Electronics 2022, 11, 61. [CrossRef]
Ritzenthaler, R.; Capogreco, E.; Dupuy, E.; Arimura, H.; Bastos, J.P,; Favia, P.; Sebaai, F; Radisic, D.; Nguyen, V.T.H.; Mannaert,
G.; et al. High Performance Thermally Resistant FinFETs DRAM Peripheral CMOS FinFETs with V TH Tunability for Future
Memories. In Proceedings of the IEEE Symposium on VLSI Technology and Circuits (VLSI Technology and Circuits), Honolulu,
HI, USA, 12-17 June 2022; pp. 306-307.

Yadav, R.; Tripathi, A.; Pathak, S.; Gill, H.S. 5G and beyond networks for 3D MIMO using artificial intelligence in 5G network.
J. Phys. Conf. Ser. 2022, 22, 012007. [CrossRef]

Oukaira, A.; Hassan, A.; Ali, M.; Savaria, Y.; Lakhssassi, A. Towards Real-Time Monitoring of Thermal Peaks in Systems-on-Chip
(SoC). Sensors 2022, 22, 5904. [CrossRef] [PubMed]

Oukaira, A.; Mellal, L; Ettahri, O.; Kengne, E.; Lakhssassi, A. Thermal management and monitoring based on embedded ring
oscillator network sensors for complex system design. Int. J. Comput. Eng. Inf. Technol. 2017, 9, 127-134.

Dey, S.; Jimenez, L.D.M.; Brown, ].M.; Joshi, Y. Development and Validation of a Transient Heat Transfer Model for Evaluating
Thermal Management Solutions for Packaging Next-Generation Smart City Infrastructure Devices. J. Electron. Packag. 2022,
145, 021004. [CrossRef]

Fontanelli, A. System-in-package technology: Opportunities and challenges. In Proceedings of the IEEE International Symposium
on Quality Electronic Design, San Jose, CA, USA, 17-19 March 2008; pp. 589-593.

Yang, Z.; Rahman, M.; Mourad, S. Signal integrity and design consideration of an MCM for video graphic acceleration. IEEE
Trans. Adv. Packag. 2022, 24, 309-316. [CrossRef]

Lv, H; Jing, D.; Zhan, W. Research On Thermal Management Technology of System-Level Electronic Integrated Package.
J. Phys. Conf. Ser. 2021, 2033, 012138. [CrossRef]

Lau, ].H.; Yue, T.G. Thermal management of 3D IC integration with TSV (through silicon via). In Proceedings of the IEEE
Electronic Components and Technology Conference, San Diego, CA, USA, 26-29 May 2009; pp. 635-640.

Bailey, C. Thermal management technologies for electronic packaging: Current capabilities and future challenges for modeling
tools. In Proceedings of the IEEE Electronics Packaging Technology Conference, Singapore, 9-12 December 2008; pp. 527-532.
Chou, C.Y.;; Wu, CJ.; Wei, H.P; Yew, M.C.; Chiu, C.C.; Chiang, K.N. Thermal management on hot spot elimination/junction
temperature reduction for high power density system in package structure. In Proceedings of the International Electronic
Packaging Technical Conference and Exhibition, Vancouver, BC, Canada, 8-12 July 2007; Volume 42770, pp. 227-232.

Qukaira, A.; Touati, D.E.; Hassan, A.; Ali, M.; Savaria, Y.; Lakhssassi, A. FEM-based Thermal Profile Prediction for Thermal
Management of System-on-Chips. In Proceedings of the IEEE International Conference on Optimization and Applications (ICOA),
Genoa, Italy, 6-7 October 2022; pp. 1-4.

Oukaira, A.; Hassan, A ; Savaria, Y.; Lakhssassi, A. Foster-based transient thermal analysis of SiP for thermomechanical studies.
In Proceedings of the IEEE International New Circuits and Systems Conference (NEWCAS), Toulon, France, 13-16 June 2021;
pp- 1-4.

Hermama, C.; Bensiali, B.; Lahbabi, S.; El Maliki, A. Computational thermal conductivity in polyurethane mixed cell foam:
Numerical boundary effects and hybrid model. Elsevier Mater. Sci. Energy Technol. 2023, in press. [CrossRef]

He, X.; Qiu, J.; Wang, W.; Hou, Y.; Ayyub, M.; Shuai, Y. A review on numerical simulation, optimization design, and applications
of packed-bed latent thermal energy storage system with spherical capsules. |. Energy Storage 2022, 51, 104555. [CrossRef]
Blackwell, G.R. The Electronic Packaging Handbook; CRC Press: Boca Raton, FL, USA, 2017; Volume 51.

Baek, G.; Jeong, H. All-Digital Time-Domain Temperature Sensor for Energy Efficient On-Chip Thermal Management. In Proceed-
ings of the IEEE International Conference on Electronics, Information, and Communication (ICEIC), Jeju, Republic of Korea, 6-9
February 2022; pp. 1-4.

Ozaki, H.; Ezaki, T. COC (Chip on Chip) Technology. J. Jpn. Inst. Electron. Packag. 2007, 10, 391-394. [CrossRef]


http://doi.org/10.1109/MM.2019.2942978
http://dx.doi.org/10.1002/aisy.202000115
http://dx.doi.org/10.3390/electronics11010061
http://dx.doi.org/10.1088/1742-6596/2273/1/012007
http://dx.doi.org/10.3390/s22155904
http://www.ncbi.nlm.nih.gov/pubmed/35957459
http://dx.doi.org/10.1115/1.4055094
http://dx.doi.org/10.1109/6040.938298
http://dx.doi.org/10.1088/1742-6596/2033/1/012138
http://dx.doi.org/10.1016/j.mset.2023.03.004
http://dx.doi.org/10.1016/j.est.2022.104555
http://dx.doi.org/10.5104/jiep.10.391

Electronics 2023, 12, 3154 16 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

Cheng, H.C.; Cheng, HK; Lu, S.T.; Juang, J.Y.; Chen, W.H. Drop impact reliability analysis of 3-D chip-on-chip packaging:
Numerical modeling and experimental validation. IEEE Trans. Device Mater. Reliab. 2013, 14, 499-511. [CrossRef]

Wang, M.; Suzuki, K.; Sakai, A.; Dai, W. Memory and logic integration for system-in-a-package. In Proceedings of the IEEE
International Conference on ASIC Proceedings, Shanghai, China, 23-25 October 2001; pp. 4843-4847.

Kim, M.; Shin, Y.; Jo, W.; Shon, T. Digital forensic analysis of intelligent and smart IoT devices. J. Supercomput. 2023, 79, 973-997.
[CrossRef]

Oukaira, A.; Fontaine, R.; Lecomte, R.; Lakhssassi, A. Thermal cooling system development for LabPET II scanners by forced
convection flow. In Proceedings of the IEEE International New Circuits and Systems Conference (NEWCAS), Strasbourg, France,
25-28 June 2017; pp. 289-292.

Martin, K.W. Digital Integrated Circuit Design; Oxford University Press on Demand: Oxford, UK, 2000.

Blazej, D. Thermal interface materials. Electron. Cool. 2003, 9, 14-21.

Narkuniene, A.; Poskas, P.; Justinavicius, D. The modeling of laboratory experiments with COMSOL Multiphysics using the
simplified hydromechanical model. Minerals 2021, 11, 754. [CrossRef]

Vajdi, M.; Moghanlou, ES.; Sharifianjazi, F.; Asl, M.S.; Shokouhimehr, M. A review of the Comsol Multiphysics studies of heat
transfer in advanced ceramics. J. Compos. Compd. 2020, 2, 35-43. [CrossRef]

Multiphysics COMSOL. Introduction to comsol multiphysics. Comsol Multiphysics Burlingt. Accessed Feb. 1998, 9, 32.

Ettahri, O.; Oukaira, A.; Ali, M.; Hassan, A.; Nabavi, M.; Savaria, Y.; Lakhssassi, A. A real-time thermal monitoring system
intended for embedded sensor interfaces. Sensors 2020, 20, 5657. [CrossRef]

Ching, L.R.; Abdullah, M.Z. A Review of Moldflow and Finite Element Analysis Simulation of Chip Scale Packaging (CSP) for
Light Emitting Diode (LED). J. Adv. Res. Fluid Mech. Therm. Sci. 2022, 99, 158-173. [CrossRef]

Oukaira, A.; Taheri, S.; Nour, M.; Lakhssassi, A. Simulation and validation of thermal stability for complex system design high
power dissipation. In Proceedings of the IEEE International Conference on Smart Energy Grid Engineering (SEGE), Oshawa, ON,
Canada, 14-17 August 2017; pp. 229-233.

Oukaira, A.; Touati, D.E.; Hassan, A.; Ali, M.; Savaria, Y.; Lakhssassi, A. Thermo-mechanical Analysis and Fatigue Life Prediction
for Integrated Circuits (ICs). In Proceedings of the IEEE International Midwest Symposium on Circuits and Systems (MWSCAS),
Lansing, MI, USA, 9-11 August 2021; pp. 630-634.

Zhang, Y. Numerical-Analytical Modeling Method for Steady-State Thermal Analysis of the “Core Build” Multilayer PCB
Structure. Available at SSRN 4104979. 2022. Available online: https:/ /papers.ssrn.com/sol3/papers.cfm?abstract_id=4104979
(accessed on 17 April 2023).

Krishna, N.; Padmasine, K.G. A review on microwave bandpass filters: Materials and design optimization techniques for wireless
communication systems. Mater. Sci. Semicond. Process. 2023, 154, 107181. [CrossRef]

Oukaira, A.; Ettahri, O.; Tabaa, M.; Taheri, S.; Lakhssassi, A. Simulation, Validation and FPGA Implementation of a Ring Oscillator
Sensor for Thermal Management and Monitoring. Procedia Comput. Sci. 2019, 155, 83-88. [CrossRef]

Bocca, A.; Macii, A. Thermal modeling and analysis of a power ball grid array in system-in-package technology. Multiscale
Multidiscip. Model. Exp. Des. 2022, 5, 31-41. [CrossRef]

Shankaran, G.V.; Dogruoz, M.B.; Abarham, M. Thermal Analysis and Design of Electronics Systems Across Scales Using
State-Space Modeling Technique. IEEE Trans. Compon. Packag. Manuf. Technol. 2021, 11, 1223-1234. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TDMR.2013.2261735
http://dx.doi.org/10.1007/s11227-022-04639-5
http://dx.doi.org/10.3390/min11070754
http://dx.doi.org/10.29252/jcc.2.1.5
http://dx.doi.org/10.3390/s20195657
http://dx.doi.org/10.37934/arfmts.99.1.158173
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4104979
http://dx.doi.org/10.1016/j.mssp.2022.107181
http://dx.doi.org/10.1016/j.procs.2019.08.015
http://dx.doi.org/10.1007/s41939-021-00101-w
http://dx.doi.org/10.1109/TCPMT.2021.3089982

	Introduction
	Electrical Performance Analysis of CCLC-Based SiP
	CCLC Technology
	Modeling and RLC Equivalent Circuit
	Result of the Simulation of RLC Equivalent Circuit

	Heat Analysis of SiPs Based on CCLC
	Conclusions
	References

