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ABSTRACT 
The continual increasing performance of microelectronics 
products places a high demand on packaging 
technologies.  Key drivers such as thermal management, 
power delivery, interconnect density, and integration 
require novel material development and new package 
architectures.  In this paper, package technology 
migrations for microprocessors and communication 
products are described.  Material needs for high thermal 
dissipation, high-speed signaling, and high-density 
interconnects are discussed.  

Microprocessor scaling for increased performance and 
reduced cost places significant challenges on power 
delivery and power removal due to reducing dimensions, 
operating voltages, and increasing power.  Meeting these 
challenges indicates a need for advanced packaging 
solutions, such as Bumpless Build-Up Layer Technology 
(BBUL); and power-delivery architectures such as On-
Package Integrated Voltage Regulation (OPVR) that 
enhance the power-delivery capability of the packaging 
architecture.  Similarly, solutions using advanced 
materials and heat management systems such as heat 
spreaders and high-capacity heat sinks are needed to 
facilitate power removal.  Microprocessor scaling also 
requires improvements in package substrates and 
continues to drive major transitions in substrate materials 
and features while market constraints continue to exert 
significant cost pressures.  

To support the ever-growing demand of cellular 
communication products for highly integrated, small form 
factor devices, new package architectures are described.  
Key research thrusts for the future are also highlighted. 

INTRODUCTION 
A review of the evolution of microprocessors in the past 
two decades and a projection into the near foreseeable 
future in the current decade shows that microprocessor 
performance continues to match the almost self-fulfilling 
prophecy of Moore’s law [1].  This increase in 
performance places significant demands on packaging 
and assembly for performance and reliability.  A paper 
published in the 3rd quarter of 2000 in the Intel 
Technology Journal [2] showed that in response to 
demand, microprocessor packaging has evolved from 
simple mechanical protection to a sophisticated 
electrical/thermal/mechanical platform that enables 
microprocessor performance.  This paper elaborates 
further on the themes articulated in the earlier paper and 
provides additional details of some of the emerging trends 
in assembly and packaging.  The key technical drivers for 
assembly and packaging in the areas of power delivery, 
power management, interconnect scaling, and integration 
are articulated.  Future driver trends are discussed in 
order to explain some of the technical challenges these 
trends have created.  Specific technical challenges in 
power delivery, thermal management, materials 
development, high-speed signaling, high-density 
interconnects, and integration are discussed, and the state 
of the art is reviewed.  Opportunities for further work to 
continue to expand the cost-performance envelope of 
assembly and packaging technologies are identified; in 
particular the Bumpless Build-Up Layer (BBUL) 
technology is reviewed. 

Attention is then shifted to the packaging of components 
used in portable and cellular devices.  These applications 
demand low-cost, high-performance packaging in 
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compact form factors.  The market segments present 
unique challenges in terms of cost, performance, and time 
to market.  New package architectures developed to 
address these challenges are reviewed, and future 
developmental opportunities are highlighted. 

POWER-DELIVERY CONSIDERATIONS 
Microprocessor scaling has consistently adhered to 
Moore’s law [1].  Increasing transistor density combined 

with the performance demanded from next-generation 
microprocessors result in increased processor power. 
Scaling also necessitates a reduction in the operating 
voltages both for reliability of the finer-dimension 
devices and for containing the power consumed.  This 
reduction in the supply voltage further increases the 
supply currents drawn by the microprocessors while 
margins for noise in the power supply shrink in absolute 
terms.  

 

Figure 1: Intel CPU transistors double every ~18 months 

The increasing supply currents and shrinking margins in 
supply noise place an enormous burden on the circuits 
that provide power to the chip.  These circuits are 
collectively referred to as the power-delivery system for 
the processor, and they constitute the power-conversion 
devices or Voltage Regulator Modules (VRMs) that step 
a high voltage of 12 or 48V down to the processor 
operating voltage (~1.5V) as well as the hierarchy of 
capacitances located at the output of the VRM’s 
extending all the way into the microprocessor package 
[3].  

Increasing currents tax the power-delivery system of a 
CPU or network in two principal ways: 

§ Power-saving features in the CPU architecture 
mandate various operating conditions that lower 
power consumption to a minimum through ‘sleep,’ 
‘stand-by,’ ‘idle,’ and ‘power-down’ states: when the 
CPU changes state to a fully operational mode, it 
demands a sudden surge in current in a short duration 
of time. 

§ The very large (>100A) currents flowing in the 
interconnect between the VRM’s and the CPU cause 
power wastage and the associated self-heating in the 
board, socket, and CPU packages. 

Power Path Loop Inductance Scaling and 
Reduction 
The surges of current (often referred to in the literature as 
DI/DT events) as well as the sudden relaxation in the 
current demanded by the CPU, combined with the 
properties of the noise de-coupling capacitance hierarchy, 
result in a series of supply voltage variations referred to 
as supply droops and overshoots.  The droops in the 
network are dependent upon the capacitance hierarchy, 
with the voltage variations being a consequence of 
damped resonant oscillations of the various de-coupling 
loops of capacitances and inductances in the network.  It 
can be seen through simple analytical derivation that the 
magnitude of these droops can be calculated as follows: 

                            
d

p

C

L
IV ∆=∆                                 (1)                   

Where Lp and Cd in equation (1) refer to the package 
loop inductance and the die effective capacitance, 
respectively.  The variation in supply voltage ∆V refers to 
the droop corresponding to the resonant response of the 
loop, including the die capacitance and the loop 
inductance, to the next level of de-coupling capacitance.  

A key challenge in minimizing this droop is the scaling of 
the package loop inductance to meet the demands of CPU 
scaling.  Exploring this further, we get the following: 
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Where Xi refers to a parameter X in the two processes.  
For example, L1 is the package loop inductance in 
process-1 and L2 is the same for the next-generation 
process-2.  Defining Sl as (L2 / L1), and dividing the 
equations above, loop inductance scaling is given as  

                                
2

1

fc
l SS

S =                                   (2) 

Where Sx refers to the scaling factor for parameter X. 
Interestingly, under the assumption that the die size and 
the architecture remain identical, the scaling factor for 
loop inductance is determined purely by the capacitance 
scaling factor (die capacitance per unit area) and the 
scaling factor for the operating frequency.  

Power Progression for Intel CPUs 
Historical data on the increase in power for Intel 
microprocessors is included in Figure 2.  It is seen that 
the power doubles approximately every 36 months, which 
is approximately half the pace of the increase in the 
number of transistors as forecasted by Moore’s Law.  
This difference could be attributed to greater amounts of 
memory content in microprocessors as they are scaled, 
leading to less overall capacitance contributing to power 
consumption than would be otherwise expected, or 
smaller die sizes.  A capacitance scaling factor SC = 1 
reconciles the historical power trend with simple 
analytical predictions based on doubling frequency, 
transistor count, and less aggressive voltage reduction.  
These are described later.  
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Figure 2: Historical power trend for Intel CPUs 

Consider now a process scaling factor of 
2

1
or 0.7 (as 

has been typical over a number of generations), and 
inspect power-related processor scaling scenarios: 

§ A Quintuplet1 ‘Q’ scenario, where C increases by 
(1/0.7) or Sc, the operating frequency increases by 2X 
or ~(1/0.7)4, and the voltage reduces only by 

7.0 or 85%, leading to a 2X increase in power and 

a 4

5

2  or ~2.4X increase in the dynamic supply 
current.  

§ A Realistic Scaling ‘RS’ scenario where power P 

increases by a factor of 2  and the supply voltage V 

reduces by
2

1
leading to an increase in the 

dynamic supply current of 4

3

2  or ~1.68X.   

§ A Triplet ‘T’ scenario where the capacitance per unit 
area increases as before by Sc, but the frequency 
increases only by ~(1/0.7) or Sc, and the voltage 
reduces by a full 0.7 factor; the power in this 
scenario remains constant while the current increases 

by 2

1

2  or ~1.43X. 

It can be seen, by applying the simple scaling law (2) 
above that the ‘Q’ scenario requires a scaling of the loop 
inductance by the 5th exponent of the process scaling 
factor Sc, while the ‘T’ scenario also necessitates a scaling 
of the loop inductance by the 3rd exponent of the process 
scaling factor.  The realistic ‘RS’ scenario that reflects 
historical power scaling would require a loop-inductance 
scaling of the 4th exponent of process scaling.  

                                                           
1 The motivation for the scaling scenario name will be evident in the 
consequence the scaling scenario imposes upon loop inductance scaling. 
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Figure 3: A Voltage Regulator Module (VRM) 

As can be seen from equation (1), the knobs available to 
control the droops are limited from an assembly 
technology standpoint for the resonant loop of the highest 
frequency.  Both ∆I and Cd are determined by the CPU 
architecture, circuit design, and layout as well as by 
process scaling.  Components of assembly technology, 
particularly the package caps and the substrate, contribute 
to the effective loop inductance, Lp, that determines the 
droop in this damped resonant circuit.  As supply currents 
increase and explicitly added die capacitances are 
removed (for die cost, leakage, and other die and circuit 
design reasons), reducing the power loop inductance to 
control droop ratios is a key driver that leads to the 
consideration of advanced packaging techniques such as 
the Bumpless Build-Up Layer (BBUL) technique, 
described in a later section.  

 

 

Figure 4: Power pod power-delivery system 

Power Path Series Resistance Scaling and 
Reduction 
Power path resistance losses contribute significantly to 
system inefficiency as well as heat generation within the 
boards, sockets, and packages that support the 

microprocessor.  The large current values anticipated in 
future microprocessors (in excess of 100A) are forcing 
greater pin counts in sockets, larger copper thicknesses in 
boards, and are arresting the thickness reduction (for 
aspect ratio control in fine trace widths) for metal layers 
within substrates.  This is perhaps a more difficult 
challenge than the loop-L reduction.  

Let’s assume that the platform design requires that the 
loss in the power-delivery interconnect remain constant. 
As currents scale by a factor SI, the resistance will need to 
be reduced by the square function of the current scaling 
factor to satisfy the constant interconnect power 
requirement, or  

                              
2

1

I
ppr S

S =                                      (3) 

where Sppr is the power interconnect resistance scaling 
factor and SI is the current scaling factor.  It can be seen 
that the Q scenario for current scaling (where SI = 2.4) 
will require a path resistance reduction by a factor of 
~0.175 for the next process generation, the RS scenario 
requires a reduction factor of ~0.35, and the T scenario 
will need an Sppr of ~0.5.  

Figure 5 displays graphically the challenge in scaling 
assembly technology parameters in accordance with 
microprocessor scaling.  Starting from hypothetical 
values for the loop-inductance and the series path 
resistance in the 0.18µm process generation, it is seen 
that the loop-L value required to meet the performance 
criteria three generations ahead is ~0.047pH for the Q 
scenario and 0.4pH for the T scenario.  Similarly, the path 
resistance scaling beginning as before from a hypothetical 
value of 3.2 mΩ for the 0.18µm generation leads to a 
value of ~0.017 mΩ for the Q scenario and ~0.38 mΩ for 
the T scenario.  The RS scenario lies somewhere in 
between these numbers.  This illustrates the 
impracticality of scaling assembly technology parameters, 
as demanded by these scaling laws, in order that the 
performance requirements be met.  It is becoming 
increasingly evident that increases in power or supply 
currents will require new architectures for power delivery 
to microprocessors in deep sub-micron processes. 

While devices such as the VRMs shown in Figure 3 have 
advanced in their capability to deliver power, it is seen 
that solutions such as the Power-Pod (Figure 4), adopted 
for the anticipated high power and supply current 
numbers for the Intel Itanium™ family of processors will 
also be insufficient to meet  the requirements of the 65nm 
node.
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Figure 5: Scaling trends for package loop inductance and series path resistance 

THERMAL MANAGEMENT 
CONSIDERATIONS 
Technical challenges in the thermal management of 
microprocessors arise from two causes: (a) increasing 
power dissipation, which is concomitant with increasing 
performance; and (b) the need to cool regions of local 
power concentrations, often referred to as “hot spots.”  
Typically, thermal management features are integrated 
in packages to spread heat while transporting heat from 
the die to the heat sink.  The heat sink in turn dissipates 
heat to the local environment (see Figure 6 for a 
pictorial representation of this process).   

The thermal management problem is one of ducting the 
Thermal Design Power (TDP) from the die surface at 
temperature Tj (commonly referred to as junction 
temperature) to the ambient at temperature Ta.  In 
general terms, the temperature difference  
(Tj – Ta) is expected to slowly reduce over time since 
Tj can typically be forced lower by reliability and 
performance expectations, and Ta can be forced higher 
due to heating of the inside box air caused by increased 
integration and shrinking box sizes.  Figure 2 shows 
TDP trends over time, and a simple scaling projection 
(as shown in the ITRS [4], for instance) indicates that 
the TDP will increase as a function of time, assuming 
no major design breakthroughs, which reduce 
microprocessor power, occur.  Thus the thermal 
challenge arises from the fact that increasing values of 
TDP have to be ported between a diminishing 
temperature difference. 

This challenge is exacerbated by another very important 
factor.  On-die power distribution is typically not 
uniform.  With increasing performance, the non-
uniformity of on-die power distribution increases, and 

there are regions of the die dissipating high heat flux 
densities.  These regions are commonly referred to as 
hot spots.  Since the temperature of the hot spot can 
often affect performance and will always govern the 
overall reliability of the silicon, maintaining the hot spot 
temperature below certain limits is a requirement in 
thermal design.  This leads to two undesirable 
consequences: (a) the focus on cooling the hot spot 
leads to a general over-design in the microprocessor 
cooling solution; and (b) the non-uniformity in the heat 
source limits the total amount of heat that can be 
managed by a thermal solution.  The overall problem is 
graphically illustrated in Figure 7, which shows a plot of 
the overall cooling capability of different thermal 
solutions as a function of the Density Factor (DF), a 
factor defined in [5] as a measure of the impact of 
power non-uniformity.  

Other significant constraints that must always be 
understood are the cost and integration constraints.  
While increasing power demands more sophisticated 
thermal management solutions, they have to stay within 
cost bounds dictated by the market segments in order to 
be economically viable.  The solutions must also be 
capable of fitting within the chassis form factors and 
when assembled with the rest of the components, they 
should not reduce the reliability of the overall system. 

Thermal Solution Strategies 
An obvious solution is to mitigate the problem by 
design, i.e., design processors that are power efficient 
and have benign power topologies.  This can be done by 
ensuring that thermal considerations are part of the 
design process rather than an afterthought.  
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Figure 6: Temperatures and hierarchy in microprocessor cooling 

Awareness of thermal issues and the need for thermal 
co-design has increased over the past few years as 
thermal management becomes one of the limiters of 
microprocessor performance.  Thermally efficient 
designs could slow down the unconstrained increases 
predicted in Figure 2 and can help significantly in the 
development and deployment of cost-effective thermal 
solutions.  However, while thermally benign designs are 
being developed, they cannot be depended on as the 
only strategy.  Technology solution strategies need to be 
developed in parallel assuming that thermal demands 
will increase over time.  These solution strategies can be 
broadly categorized as follows: 

1. Hot spot mitigation: The goal of this would be to 
even out the temperature profiles due to non-
uniform power distributions, as close to the source 
as possible, by spreading out the heat.  The use of 
efficient and cost-effective methods to spread out 
the heat will increase cooling capabilities by 
reducing the Density Factor (DF) as seen in Figure 
7.  Spreading can be accomplished by optimal 
material and design development.  One good 
example of this is shown in Figure 8.  Figure 8 (a) 
shows an Integrated Heat Spreader (IHS) included 
in the packaging for Pentium 4 processors, and 
Figure 8 (b) shows an integrated heat pipe lid 
developed for the Itanium™ processor. 

                                                           

Pentium and Itanium are trademarks of Intel 
Corporation or its subsidiaries in the United States and 
other countries. 
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Figure 7: Impact of die power non-uniformity on 
cooling capability 

Integrated High Conductivity
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Figure 8(a): Use of IHS for Pentium® 4 processor 
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High Performance Heat Pipe
Lid

 

Figure 8(b): Heat pipe lid used for Itanium™ 
processor 

2. Increasing power-handling capability: Currently air 
cooling techniques are used to cool 
microprocessors in most applications, i.e., a metal 
heat sink with air blowing over it is the primary 
cooling solution of choice.  A representative 
analysis of the limits of air-cooling technology 
indicate that there are still some opportunities in air 
cooling that may be explored to increase cooling 
capability.   

THERMAL MATERIALS 
TECHNOLOGIES 
We can identify two basic architectures when describing 
heat removal for microprocessor packaging: (a) 
Architecture I (FC-XGA1), typically dealing with low-
power (<30W) microprocessors or microprocessors in 
height-constrained applications, where the die is directly 
attached to the heat sink; and (b) Architecture II (FC-
XGA2), typically dealing with medium- to high-power 
processors (>30W) where an Integrated Heat Spreader 
(HIS) is used to spread the heat.  The term xGA applies 
to either PGA or BGA, and refers to the type of 
interconnect between the package and the motherboard.  
Figure 9 shows the basic implementation of these two 
architectures. 
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(b)  

 

( c)  

Figure 9: (a) Architecture I; (b) Architecture II; (c) 
schematic showing percolation in polymer TIM  

In either case, successful thermal management requires 
the development of a Thermal Interface Material (TIM) 
that comes in contact with the die and heat sink (Figure 
9 (a)) or the die and the heat spreader (Figure 9 (b)).  
Typically the TIMs are made up of a polymer matrix in 
combination with highly thermally conductive fillers 
(metal or ceramic) and can be classified as Phase 
Change Materials (PCM) and Thermal Greases and 
Gels [6].  Heat dissipation through these materials 
occurs through the phenomenon of percolation, 
schematically illustrated in Figure 9 (c).  One can also 
consider providing thermal solutions for heat dissipation 
entirely through conduction, by utilizing TIMs made up 
of metals such as lead, tin, or bismuth. However, to 
integrate these metallic TIM material technologies with 
the silicon and packaging technology of choice poses an 
entirely new set of  challenges from a stress, cost, and 
infrastructure perspective.  An ideal case would be to 
develop a composite TIM material that provides 
enhanced heat dissipation while balancing the 
mechanical properties to minimize package stress.  
Developing these composite TIMs can possibly be 
achieved in a variety of ways including utilizing recent 
developments in nano-material technologies.  It is 
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expected that one can develop materials with bulk 
thermal conductivities 5-10 times of those obtained 
using conventional approaches. 

PACKAGE SUBSTRATE TECHNOLOGY 
Package substrate technology has undergone significant 
changes in the past two decades.  The early X86 
processors were packaged in ceramic substrate with 
tungsten (W) or molybdenum (Mo) interconnects.  
Ceramic substrates continued to be the substrates of 
choice up to the Pentium Pro microprocessor 
generation.  However, ceramic substrates suffered from 
the disadvantage of high dielectric constants, thick 
dielectric layers (leading to thick packages), poor 

conductor materials relative to Cu (W or Mo), and 
limitations on feature size just to name a few.  In the 
mid 1990s, Intel pioneered the transition from ceramic 
to organic substrates.  Organic substrates provide better 
performance at a lower cost, and have evolved to be the 
substrates of choice for microprocessor packaging.  
Figure 10 illustrates the substrate evolution for Intel 
microprocessor generations.   

As future microprocessor and network processors run at 
increased clock speeds,  significant challenges are 
imposed on the performance of the substrate 
technology.  The key technology drivers are as follows: 
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Intel 

Pentium

MMX
Processor

Figure 10: Substrate evolution 

1) Feature size reduction to increase routing density.  
A reduction in feature size of the substrate includes 
a reduction in interconnect line width, line spacing, 
micro via diameter, capture pad diameter, plated 
through-hole diameter, flip-chip bump pad pitch, 
and flip-chip pad solder mask opening diameter.  
New processes and process materials are required.  
These include better photo resist and solder mask 
materials for higher resolution, better layer-to-layer 
alignment litho tooling and processes to reduce 
capture pad size, better mechanical drill bits to drill 
smaller plated through holes, better and higher 
through-put laser drill equipment for smaller micro 
vias, and better dielectric materials for improved 
metal adhesion.  For today’s state-of-the-art build-
up processes, the line width and spacing is at about 
25 microns.  In about five years, the requirement 
will be substantially smaller.   

2) Increased performance. In order to meet the 
requirements of future high-speed microprocessors, 

new dielectric materials and new process controls 
are needed.  The new materials are expected to 
have low dielectric constants and low loss tangents.  
In addition, impedance matching and impedance 
control are critical for high-speed signals.  
Impedance control is a direct effect of dielectric 
thickness and line width tolerance; therefore, the 
control of line width and the tightening of tolerance 
are important parameters for future manufacturing 
processes.  Improved processes and materials are 
also needed to reduce dielectric roughness while 
maintaining adhesion between the dielectric and 
copper lines in the substrate.    

3) Increase in mechanical loading.  Due to the 
increase in performance requirements, the power 
dissipation of future-generation microprocessors is 
rapidly increasing.  As a result, larger and heavier 
heat sinks are employed to cool the microprocessor.  
In order to maintain intimate contact between the 
heat sink and package, a Thermal Interface Material 
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(TIM) is introduced between them.  The two are 
then clamped so that the TIM is as thin as possible.  
This leads to fairly large static and dynamic loads 
on the package.  In addition, the predicted eventual 
migration to Land Grid Array (LGA) sockets 
implies potentially higher static loading will be 
applied to the substrate.  The substrate has to 
withstand all these mechanical loads through the 
life of the device.  Another factor to consider is the 
implementation of Inner Layer Dielectric materials 
on the silicon with low dielectric constants 
(commonly referred to as low k ILD materials).  
These materials tend to become increasingly fragile 
with reduced dielectric constants.  It is critical 
therefore to have a substrate material where the 
stress impact on  silicon is mitigated while the 
thermo-mechanical reliability of the total system is 
maintained.  This is another important requirement 
for the development of a new class of next-
generation substrate materials. 

4) Thinner substrate.  The increase in demand for 
thin, portable, laptop computers drives the 
requirement for thinner substrates.  This challenge 
can be addressed on two fronts.  Firstly, optimize 
design with reduced feature sizes to reduce layer 
count.  Secondly, develop thinner materials for the 
substrate core.  Flex substrates using pliant 
polyimide materials are also being used to reduce 
thickness; however, cost is a key issue.  Lower-cost 
flex materials are needed.  Meeting the thin 
substrate requirement will require the industry to 
invest in new process equipment, handling 
equipment, and carriers.  This will negatively 
impact the cost of the substrate.   

5) Lower Cost.  If price were no object, then it would 
not be as difficult to custom tailor a substrate 
technology to meet all the needs stated above.  
However, in reality, market pressures require that 
the future substrate costs must be reduced to ensure 
competitiveness in the marketplace.    

In summary, the requirements of continued performance 
improvement, higher reliability, smaller features, and 
lower cost are driving the development of  break-
through technologies.   

CHIP-TO-PACKAGE-LEVEL 
INTERCONNECT MATERIALS 
Organic flip-chip technology is today’s cost effective 
technology of choice for meeting high pin count and 
high-performance requirements.  The ITRS roadmap [4] 
predicts the I/O pitch for the die-to-package 
interconnect to approach 120 microns in the next five 

years and 80 microns in the next ten years.  A 
combination of decreasing pitch; environmental 
concerns (Pb/Halogen free); mechanical stress concerns 
(e.g., for low k dielectric integrity); electrical 
requirements (e.g., current density); and cost constraints 
are driving the development of bump and underfill 
materials technology in an entirely new direction.  
Environmental concerns will eventually lead to Pb-free 
flip-chip technology through the development of new 
bumping materials.  A variety of material choices can be 
pursued for Pb-free bumping depending on the process 
of choice, e.g., plating, printing, stud-bumping etc.  
However, as highlighted in the ITRS, the bumping and 
underfill technology of choice will have to ensure low k 
dielectric integrity.  A Pb-free bumping material with 
low yield stress and low creep resistance will be a 
critical enabler in the future.   

The choice of the  bumping material guides one towards 
the mechanical properties required in the underfill 
material (modulus, Coefficient of Thermal Expansion 
(CTE), etc.) to ensure adequate fatigue life for the 
bumps.  Decreasing bump pitch and chip height and 
increasing bump density will eventually push the limits 
of capillary flow underfill materials.  In order to achieve 
a breakthrough, one has to look for new directions in 
both polymer and filler technologies. Polymer resin 
technologies that can provide fundamentally low CTE 
(<35 ppm) and low viscosity, and that can be 
‘integrated’ with the bumping materials of tomorrow 
will emerge as the resins of choice.  Filler technologies 
that can be combined with this resin of choice to 
manage the underfill CTE without impacting flow 
and/or the bump-to-package substrate interconnect 
would be ideal.  Underfill materials using such 
technologies can provide further opportunities to 
develop new cost-effective processes. 

The ideal underfill material/process technology would 
have to be cost effective, and it would have to be 
capable of being scaled in such a way as to be 
independent of bump pitch and die size.  This would 
point towards wafer-level underfills, the best case being 
where the underfill material/process can be integrated 
with the back-end Fab process technology.  In summary, 
the flip-chip technology of tomorrow will drive a tighter 
coupling of silicon processing technology and assembly 
packaging technology.  An alternate approach to 
meeting the needs of reducing pitch in the die package 
interconnect scaling is discussed in the next section. 
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BUMPLESS BUILD-UP LAYER 
PACKAGING 
Bumpless Build-Up Layer (BBUL) packaging is a novel 
technology developed to meet future packaging 
technology requirements.  It is constructed by 
fabricating the package layers on top of the chip as 
opposed to attaching a chip and package.  The BBUL 
package provides the advantages of small electrical loop 
inductance and reduced thermo-mechanical strain 
imposed on interconnects with low k ILD materials.  
Furthermore, it allows for high lead count, ready 
integration of multiple electronic and optical 
components (such as logic, memory, radio frequency, 
microelectromechanical systems (MEMS), among 
others), and inherent scalability.  A cross section of a 3-
layer BBUL package is shown in Figure 11.  Intel 
initiated the BBUL project with the goal of addressing 
scalability, power delivery, and low-k ILD compatibility 
issues.  Detailed analysis on the advantages of the 
BBUL technology may be found in the published 
literature [7-9].  Here, we present a summary of the 
technical advantages and manufacturing challenges.  

 

 

Figure 11: Schematic cross-section of a 3-layer 
BBUL package 

The BBUL package shows a reduction in first droop, 
largely due to the decreased thickness of the package. 
BBUL package loop inductance is dominated by the 
inductance of the discrete decoupling capacitors; the 
package itself is a minor contributor to the loop 
inductance penalty.  Another key advantage of BBUL 
packaging is in the area of mechanical reliability.  The 
use of low-k ILD materials on the die is increasing the 
susceptibility of the die to mechanical failures caused by 
stresses imposed by the package.  Figure 12 shows the 
relative out-of-plane stress for BBUL versus a standard 
package, as predicted using mechanical modeling [8] 
with the commercial finite element code ABAQUS (red 
is high stress, and blue is low stress on the rainbow 
scale) [10].  The figures show significantly reduced 
stress for the BBUL architecture.  Equivalent 
comparisons for first principle stress and Von Mises 
stress are presented elsewhere [8].  We expect that the 
BBUL architecture will place lower stresses on the die, 
thus providing a mechanical advantage over a standard 
package.   

BBUL also offers routability advantages over the 
standard package.  Unlike many versions of flip-chip 
assembly (such as capillary underfill), die-package 
interconnections can be arbitrarily placed, as there are 
no restrictions imposed by an underfill process.  This 
provides a significant advantage in the number of 
signals that can be routed out from the die on a single 
layer.  

 

 

Figure 12: Out-of-plane die M6 to M7 stress for 
BBUL (left) and standard package (right)  

In order to encapsulate the die inside the package, as is 
done in BBUL packaging, the process flow must deviate 
significantly from standard assembly.  The process flow 
is shown in Figure 13.  With standard assembly, the die 
and substrate are fabricated in parallel, tested 
independently, and finally assembled together to form 
the final package.  With BBUL, substrate processing 
follows die processing, increasing the total throughput 
time and introducing known good die loss.  These are 
significant manufacturing disadvantages and factor 
strongly in the final cost of the packaged die.  Currently 
we are investigating, along with our package suppliers, 
methods of changing to the BBUL process flow and 
architecture in the hopes of retaining the performance 
advantages as shown above, while reducing the 
manufacturing penalty associated with the sequential 
process flow. 
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Figure 13: BBUL process flow 

CELLULAR COMMUNICATION 
PRODUCTS 
Another important direction for packaging is being 
driven by cellular communication products.  Highly 
integrated, small form-factor packages are required to 
meet the demands of the emerging 3G application 
space.  Integration in this environment goes beyond 
integration of flash with SRAM to integrating new 
memory (PSRAM, LPSDRAM) with a base band in 
addition to the traditional memory.  In conjunction with 
the increase in the number of memory types, the 
available footprint on the board is shrinking, as seen in 
Figure 14.  Vertical integration, i.e., the stacking of 
multiple die, is a typical approach to meeting the needs 
of this market segment [11].  While addressing in-plane 
constraints, vertical integration must also meet stringent 
height constraints.  As a consequence of the increase in 
the types of die that are being stacked, an important 
package requirement is the flexibility to mix and change 
die within a package to meet demand and accommodate 
late changes.  For example, the package architecture 
must allow for a memory upgrade without causing every 
layer of the package to be re-routed.  These challenges 
are leading to new solutions beyond the current wire 
bond stacking found in present-day chip-scale packages. 
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Figure 14: Memory increase and footprint on board 

Current stacked-chip, scale-package architecture is 
shown in Figure 15.  Technology efforts are underway 
to minimize the thickness of each component within the 
package, and the trend in substrate and die thickness is 
shown in Figure 16.   

 

Figure 15:  Current stacked CSP (1.4mm)  

 

Figure 16:  Trends in die/substrate thicknesses 

As limits are approached on minimizing the die 
thickness, forming an interconnect through the silicon is 
another key direction [12].  The through silicon 
interconnect allows for a minimum in-plane and vertical 
footprint of the package.  The vias are formed as part of 
the backend wafer processing, and typical dimensions 
are on the order of 10-50 microns in diameter with die 
thicknesses ranging from 25-150 microns.  

There are two key issues that drive an alternate package 
architecture away from die-to-die stacking and towards 
package-to-package stacking.  The first issue is the 
configurability of the different die within a stack.  The 
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number of possible die combinations is growing 
exponentially.  At the same time the need to respond to 
changes from the customer do not allow for long re-
designs to upgrade memory or stack the different 
memory with the same base band.  A stack-stack 
architecture can be designed that allows for minimizing 
the required changes by standardizing on-pin locations 
in the package-to-package interconnect.  The top layer 
of the package can be quickly reconfigured without 
impacting the other two packages in the stack, as long as 
the interconnect terminals supply the same 
functionality.  The second key issue is stacking a mix of 
Known Good Die (KGD) with non-KGD and the 
associated yield loss.  Sensitivity to yield losses 
increases with the number of die in a stack.  Memory 
can typically be completely tested by adding a third Sort 
step, while a base band cannot be as economically tested 
at the wafer level.  Therefore, the ability to package and 
test the die prior to stacking allows for minimizing die 
yield losses.  Assembly yield also may dictate the need 
to perform an open/short testing as the packages are 
stacked.  The mix and number of die within a stack will 
eventually dictate the decision to use die/die stacking 
versus package/package stacking architectures. 

SUMMARY 
Packaging is one of the key enablers for microprocessor 
performance.  As performance increases, the technical 
challenges in the areas of power delivery, interconnect 
scaling, interconnect performance, power removal, and 
mechanical reliability increase.  This in turn requires the 
development of new materials and package architectures 
to enable microprocessor performance.  A general 
overview of the emerging trends has been presented in 
this paper.  An attempt has also been made to provide a 
context for some of the cost and integration constraints 
imposed by market conditions on the choice of 
materials, packaging architectures, and form factors. 

Similarly, some of the unique requirements in the 
cellular market segment due to various form factor and 
integration requirements have been discussed to provide 
insight into some of the emergent packaging trends. 
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