
2015 IEEE 21
st
 International Symposium for Design and Technology in Electronic Packaging (SIITME) 

978-1-5090-0332-7/15/$31.00 ©2015 IEEE 41 22-25 Oct 2015, Brasov, Romania 

Guidelines on Thermal Management Solutions for 
Modern Packaging Technologies – A Review 

A. Fodor, G. Chindris, D. Pitica and R. Jánó 

Applied Electronics Department 
Technical University of Cluj-Napoca 

Cluj-Napoca, Romania 
alexandra.fodor@ael.utcluj.ro 

 
 

Abstract— Thermal management for modern electronic 

systems can follow two fundamental paths: one concentrates 

design efforts towards low power/high efficiency electronic 

circuits/components, the other implies, where the previous one 

reaches its limits, optimizing thermal transfer in the entire 

system at chip level, package level, and PCB/assembly level. 

Thus, exploring all methods of improving heat transfer at 

chip/package/assembly levels can generate a guideline for 

common/specific approach that can be used at the earliest stage 

of a design.  

The current research gives an overview of latest packaging 

technology along with required thermal management measures 

and proposes a consistent methodology of Design for Thermal 

Management.  
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I.  INTRODUCTION 

Semiconductor technology, coupled with modern, 
miniaturized packaging form the backbone of today’s high 
performance electronic systems [1]. New trends in device 
packaging are emerging, bringing more challenges with them 
especially regarding their thermal management. Semiconductor 
packaging is moving into the 3rd dimension - driven by the 
need for higher levels of integration, improved electrical 
performance, or reduction of timing delays, the need for shorter 
vertical interconnects is forcing a shift from 2D to 2.5D and 3D 
package designs[1], as seen in figure 1. 

 

 

Fig. 1. Device packaging migration, from 2D to 3D [2] 

 The purpose of this article is to deliver a review of the 
existent cooling techniques, starting with the most established 
ones, for 2D packaging, and after that, continuing with the new 
trends in electronics cooling for 2.5D and 3D packaging. 

II. 2D PACKAGING AND COOLING SOLUTION 

First, let’s see which packages fall into 2D packages 
category, and what are the cooling techniques specific to each 
package. 

A. MCMs  

Multi-Chip Modules were first developed in the beginning 
of the ‘90s, and their accepted definition is that an MCM is a 
collection of more than one bare die on a common substrate. 
Generally, the MCMs functions are implemented to perform 
operations done by various electronic packages: propagation of 
power and signals and, ensuring mechanical support, 
encapsulation, (to provide protection against dust and 
chemicals), and a capability of removing the dissipated heat 
generated by the chips.  

Thermal management of Multi-chip Modules can be 
achieved using the following three techniques: a thermal 
conduction module with Direct Solder Attach Cooling 
(DiSAC), a dual layer thermal interface (TIM) thermal design, 
and a MCM design with Small Gap Technology (SGT) and a 
hermetic seal, these techniques being thoroughly described in 
[7]. 

B. SoCs  

A System-on-Chip is an integrated circuit that comprises all 
components of an electronic system on a single chip. It may 
contain digital, analog, mixed-signal, radio-frequency functions 
and hardware accelerators, all on a single chip substrate. 
Because an SoC includes both the hardware and the software, it 
uses less power, has better performance, requires less space and 
is more reliable than multi-chip systems [2]. 

A cooling solution that can successfully be applied to SoC 
devices is the usage of Thermal Copper Pillar Bumps (CPB) 
which involves the integration of a thin-film thermoelectric 
material into solder bumps for flip chip packaging. This 
enables active thermal management – and power generation – 
right at the chip’s surface using an industry-accepted 
manufacturing approach to ensure seamless implementation. 
Unlike conventional solder bumps, which provide an electrical 
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path and a mechanical structure, each thermal CPB acts as a 
solid-state heat pump on a micro-scale [11].  

C. SiPs  

SiPs (System-in-Package) can be described as multiple bare 
dice and/or chip-scale package devices mounted on a common 
substrate. The substrate and its components are built into a 
single package. The SiP performs all or most of the functions 
of an electronic system. Dies containing integrated circuits may 
be stacked vertically on a substrate. They are internally 
connected by fine wires that are bonded to the package. 
Alternatively, with flip chip technology, solder bumps are used 
to join stacked chips together [2].  

The main advantage that this IC brings over SoCs, is that 
SiPs can contain analog, digital and radio frequency dice in the 
same package, and each die is implemented using the most 
suitable technology process. 

In thermal management of a SiP device, the things that 
need to be considered are the basic elements of package 
assembly, and also design aspects related to the overall 
operational requirements of the system and manufacturing 
process, as well as supply chain management and test. 
Classical cooling techniques do apply, but a more efficient one 
can be the usage of AlSiC Flip-chip lids. Due to thermally 
induced stress induced by attaching a microprocessor lid to the 
printed circuit board, choosing materials that have 
compatibility in regards to their thermal expansion coefficients 
is required. This is not invariably possible, as there are various 
composing materials in these assemblies with differences in 
CTE (Coefficient of Thermal Expansion) values, meaning that 
a “one consistent CTE solution” would be difficult to manage. 
An alternate approach is to increase the stiffness of the system. 
This can be done by choosing stiffer material or by increasing 
the thickness of the materials in the system. Increasing 
thickness for increased stiffness may not meet the critical 
height requirements of the system. Increased material stiffness 
without an increase in material density (decreased material 
density is more desirable) would be the solution. AlSiC, which 
has a density of 3 g/cm3 – 1/3 the density of copper, has a 
stiffness value that is greater than the copper equivalent. And 
since AlSiC has significantly lower density increasing 
thickness to achieve greater assembly stiffness is possible 
without significant weight penalty, being 1/3 lighter than 
copper [4]. AlSiC Flip-chip lids for SiP based applications 
bring higher thermal and a general reliability, along with a 
higher packaging performance and flexibility. 

Next, 2.5D and 3D packaging will be presented, followed 
by specific cooling techniques, applicable for both 
technologies. 

III. 2.5D PACKAGING 

2.5D packaging and interconnection technology is a rising 
semiconductor packaging technology that grants reduction of 
costs and a general reliability increase over 3D packaging 
technology. 2.5D packaging technology is a fast growing one 
which permits the combination of homogenous and non-
homogenous chips on a single interposer bringing an addition 
in performance and miniaturization. In some implementations, 
2.5D semiconductor packaging mounts one or more 

semiconductor dies on the undercarriage of the interposer, 
thereby positioning those semiconductor dies in a relatively 
tight cavity between the interposer and substrate. While this 
achieves a more compact semiconductor package 
configuration, it also raises challenges related to thermal 
management, as it may be quite difficult to control the 
operating temperature of semiconductor dies mounted beneath 
the interposer due to space and/or airflow limitations. 
Accordingly, mechanisms for controlling the operating 
temperature of chips mounted beneath an interposer in a 2.5D 
packaging configuration are desired. 

The major difference between a conventional 2D IC and a 
2.5D, is that 2.5D IC has a silicon interposer located between 
the substrate and the dice, where the silicon interposer has 
through-silicon vias (TSVs) which connect the metallization 
layers on its upper and lower surfaces. In this case, the dice are 
attached to the silicon interposer using micro-bumps, which are 
approximately 10um in diameter. The silicon interposer is 
attached to the substrate through typical flip-chip bumps, 
which will be approximately 100um in diameter. The tracks on 
the silicon interposer’s topside and backside metal layers are 
created using the same processes as the tracks on the silicon 
chips [2]. 

The advantage 2.5D IC packaging technology brings is that 
it’s an additional step from the long-established 2D IC 
technology, and brings a massive development in capacity and 
performance. There are yield advantages as well, as it is easier 
to manufacture multiple small dice than a single large one. 

Lithography is a key component of 2.5D integration; 
nonetheless the requirements for interposer exposure systems 
differ significantly from the requirements of front-end 
lithography tools. In particular, 2.5D lithography faces specific 
challenges in regards to resolution, overlay, sidewall angle, 
exposure field size, depth of focus, warped substrate handling, 
and backside alignment. As with all middle- and back-end 
processes, interposer manufacturing must be extremely cost 
efficient and high yielding [8]. 

IV. 3D PACKAGING  

A “three dimensional integrated circuit” (3D IC) is defined 
as an integrated circuit assembled by stacking silicon wafers 
and/or dies. The interconnections are vertical using TSVs, 
obtaining the behavior of a single device, for performance 
improvements at reduced power and reduced footprint size. A 
3D IC is just one of the integration schemes that uses the z-
direction to accomplish electrical performance benefits. 

The technique can be used with a stack of similar die (the 
homogenous approach), for example to build ‘memory cubes’, 
stacks of pure memory die with the controller logic on a 
separate die at the bottom. It is also being developed for use 
with a mix of different die (the heterogeneous approach), 
although this is more complex and challenging [6].  

3D integration is a newly proposed design approach for 
reducing the constraints regarding the delay and power 
consumption of interconnects. Still, this increased level of 
integration can bring new limitations and layout challenges, 
including the challenges associated with higher temperatures. 
The power dissipation leads to critical temperature increase on 
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solder joints; it diminishes the previously reduced thermo-
mechanical reliability of the system. Stacked IC technologies, 
more than Moore, developed to manage recent limitation of IC 
density reduction, lack heat dissipation schemes.  Important 
progress in thermal management is greatly needed for these 
packages; it becomes even more demanding as miniaturization 
in IC packaging continues. Electronic packages include several 
different materials with dissimilar thermal and mechanical 
properties. Thermal stresses appear due to the discrepancies 
between coefficients of thermal expansion at the junction of 
separate materials. Accelerated testing is introduced and its 
purpose is to foresee the reliability of a 3D package in known 
conditions.  The chance of a certain breakdown depends on the 
operation and the functioning environment. An acceptable level 
of reliability is necessary in every case, in order to attain 
customer satisfaction. The material compatibility is 
fundamental for a high-reliability stacked design. 

The 3D/SiP approach raises the need for thermal 
simulations, as a stacked structure has multiple extensive heat 
sources in a reduced volume that has to be considered. The 
underfill material between interposer layers has low thermal 
conductivity and therefore, the removal of heat from the inner 
parts of a module may require the creation of thermal paths or 
changing the layout such that the dice producing most of the 
heat are located on the outmost interposers. Interposers should 
have a great thermal conductivity. Thinner interposers and dice 
reduce thermal resistance and enhance of a package. Thermal 
vias can be used also to reduce junction-to-air thermal 
resistance [3]. 

A complete thermal analysis implies the application of 
basic heat transfer theory. The differences are situated in 
covering issues that are unique to the on-chip circumstances: 
for instance, on-chip geometries are greatly rectilinear in 
essence and contain rectangular geometric symmetries; the 
major heat sources, the devices, situated in 3D tier, and the 
points that a user is usually interested in examining temperature 
are inside the device layers. 

Technology scaling has caused the feature sizes to shrink 
continuously, whereas interconnects, unlike transistors, have 
not followed the same trend. In the nanometer era, a larger 
portion of the total chip capacitance comes from interconnects. 
With the introduction of vias and repeaters to compensate for 
the performance loss of the long wires, the interconnect power 
consumption rises dramatically. Designing 3D integrated 
circuits is one of the recently proposed approaches to overcome 
the problems associated with interconnects. When components 
are placed on a 3D architecture, the length of interconnects and 
the large power consumption associated with them can be 
reduced. However, 3D integration introduces challenges due to 
the high power density resulting from the placement of 
computational units on top of each other. High power densities 
are already a major concern in 2D circuits, and in 3D systems 
the problem is even more severe.  

Thermal hot spots cause a rise in cooling costs, negatively 
impact reliability and reduce performance. The significant 
increase in cooling costs necessitates designing for temperature 
margins that are lower than the worst-case. Hot spots accelerate 
failure mechanisms such as stress migration, dielectric 

breakdown and electro migration, which cause permanent 
device failures. Leakage is exponentially linked to temperature, 
and an incremental feedback loop exists between leakage and 
temperature, which can cause high increases in temperature 
and damage the circuit if it remains out of control. High 
temperatures also harmfully affect performance, as the actual 
operating speed of devices decreases as temperature increases. 

Addressing thermal hot spots solely is not enough to 
achieve better reliability, as temperature gradients in time and 
space define device reliability at moderate temperatures. The 
failure rate due to thermal cycling rises with the magnitude and 
frequency of temperature cycles [9].  

V. COOLING SOLUTIONS FOR 2.5D AND 3D PACKAGING 

 In [30] a thermal management solution for 2.5D 
semiconductor packaging is presented. The method states that 
lower semiconductor dies can be cooled by thermally coupling 
the lower semiconductor dies to a heat sink positioned above 
the interposer, to an upper semiconductor die, to a heat sink 
affixed beneath a substrate or to free-flowing air circulating 
above the interposer or beneath the substrate. The thermal 
coupling can be achieved using heat pipes, thermal vias, or 
other conductive passage ways. 

In classical cooling methods, a heat sink or a microchannel 
cooler is placed at the top of the chip to dissipate the generated 
heat. In designing a 3D chip stack with an image sensor at the 
top and underlying A/D converters and signal processing 
circuits, the cooling methods cannot be located at the top. 

Chip level spot cooling is presented as another approach, in 
[5]. The solution for the spot cooling has two broad forms: at 
the silicon level and at the packaging level. 

A. Silicon Level 

Lots of solutions have been explored at the silicon level. 
Among these is the usage of micro-channel heat exchangers 
(MCHEs), thin-film thermoelectric coolers (TECs), micro heat 
pipes, and localized copper bumps to increase heat spreading 
on a large surface area, or in the case of an MCHE, conveying 
it to a different location. Figure 2 shows a stacked MCHE that 
is used for cooling a silicon substrate.  

 

Fig. 2. Stacked micro-channel heat exchanger for substrate cooling [10] 

The accomplishment of these techniques (except for a few 
of highly customized applications, such as larger scale 
computers) has been unsatisfactory and weak. TECs, bumps, 
micro heat pipes and such, have had little success in reducing 
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the peaks witnessed as a result of the power density variation. 
Often, because of the aspect ratio or the area, the heat flux 
exceeds 400-500 W/cm2. In some high-power applications, it 
exceeds 1-2 kW/cm2. With such great heat fluxes, the limits of 
this technology can be foreseen. A noteworthy approach to this 
problem has been the electrical control of the chip. Dynamic 
thermal management (DTM) has been studied as a technique 
for controlling CPU power dissipation. DTM refers to a range 
of possible hardware and software tactics that work 
dynamically, at run-time, to control a chip’s working 
temperature.  

Usually, the packaging and fans for a CPU or computer are 
designed to keep a safe operating temperature even when the 
chip is dissipating the maximum amount of power possible for 
a persistent period of time, and therefore generating the very 
high amounts of thermal energy. DTM allows packaging 
engineers to design systems for a targeted continuous thermal 
value that is much closer to for-real average-case benchmarks. 
If a particular workload operates above this point for continued 
periods, a DTM response will work to decrease chip 
temperature.  

In essence, DTM allows designers to concentrate on 
average thermal conditions in their designs, rather than worst-
case conditions. The main goals of DTM can be stated as 
follows: 

• to provide cheap hardware or software responses; 
• to reliably reduce power; 
• to impact performance as little as possible. 
 
To better understand the process, the maximum amount of 

power is dissipated when all of the structures within the 
processor are active at maximum switching activity. In reality, 
the maximum power dissipation is limited by the software code 
that can maximize the usage and switching activity of the 
hardware. 

Special maximum power benchmarks can be written to 
exploit the switching activity of the processor. These 
benchmarks are often relatively esoteric, perform no 
meaningful calculation, and dissipate higher power than ‘real’ 
programs.  

Therefore, TM techniques could be used exclusively to 
target power levels seen in maximum power benchmarks and 
would hardly be invoked during the course of typical 
applications. 

B. Package Level 

Cooling solutions can be applied, at the package level, to 
the top of the silicon, or instead the component can be 
immersed in a heat transfer fluid. The goal of these methods is 
to rapidly remove the heat from the device or to provide a 
medium that can efficiently absorb the thermal peaks by 
improved thermal dispersion.  

A number of techniques have been studied by many 
researchers in the field with varied success. Table 1 presents 
such techniques and their respective characteristics [10]. 

TABLE I.  PACKAGE LEVEL COOLING TECHNIQUES – ADVANTAGES AND 

DISADVANTAGES. 

Technology Advantages Disadvantages 

Fan sinks with heat 

pipe (hybrid) 
Compact, versatile 

Reliability, space, 
limited to ambient 

temperature 

Thermoelectric Spot cooling Reliability, low capacity 

Liquid cooling 
High surface heat 

transfer 
Sealing, cost, 

maintenance, packaging 
Direct immersion High capacity Cost, sealing, packaging 

Refrigeration  Sub-ambient 
Cost, power, packaging, 

space 

Cryogenics Super cooling Cost, power, packaging 

VI. CONCLUSIONS 

In order to develop a thermally optimal electronic system, 
there are several key factors that need to be considered, even 
before starting the development process. Firstly, the 
architecture needs to be established, meaning that the design 
engineer should know what packaging technology will be used. 
Secondly, the appropriate cooling technique must be chosen, 
depending on the heat dissipation levels that the system could 
produce, and moreover, a combination of cooling techniques 
must be applied. Considering these factors, prior to the actual 
development of the electronic system, will result in creating a 
reliable, and optimal electronic system, in terms of thermal 
management. 
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