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The continued use of air cooling to maintain die temperatures 
below 100˚C with higher die power will necessitate advanced fan/
blower technology that is engineered for low acoustic noise and/
or high-head operation, as well as further advances in the optimi-
zation and manufacture of heatsinks. Even with such advances, 
it is anticipated that more effective cooling technologies, such as 
water cooling and, possibly, direct immersion, will be necessary to 
meet growing power dissipation requirements.

Figure 1 illustrates the cooling potential of various modes 
of cooling relative to natural convection as a base. For exam-
ple, natural convection with a heatsink confined to the chip 
footprint might typically be in the range of 0.1 to 1.5 W/cm2. 
The chart dramatically illustrates the wide range of cooling 
leverage (up to 4000X) offered by higher performance cooling 
schemes, albeit at increased levels of complexity and cost.

In addition to the need to accommodate higher heat 
flux, assembly and packaging technologies are being driven 
to simultaneously meet very demanding requirements in the 
areas of performance, power, junction temperature, package 
geometry and cost. These demands, along with increased reli-
ability expectations, the emergence of on-chip hot spots, and 
the growing interest in stacked-chip packages can be expected 
to push thermal and packaging needs well past the limits of 
today’s electronic products. Technology generations beyond 
100 nm will either require materials beyond conventional 
metals and dielectrics, or new approaches to interconnect.

All of these areas will require increased focus in terms of 
thermal and packaging evaluation. Increases in the number of 
processors packaged within a system frame, coupled with higher 
chip power, will drive the total frame-level power dissipation to 
higher and higher levels, and will necessitate the development of 
more efficient means of rejecting the heat load from the system 
to avoid overheating the room. Today’s packaging trends are 
driving the need for multiple system-level thermal management 
solutions. Continued improvements in the thermal performance 
of electronic packages and systems to accommodate increased 
heat flux and to maintain or even reduce, junction temperatures, 
will require improvement of existing cooling technology, as well 
as the development and implementation of new techniques.

The Thermal Challenge
There are three primary approaches currently being pursued 
to provide improved thermal management solutions for 
tomorrow’s semiconductor chips and the electronic devices 
that use them:
1. �Development of low-cost mechanisms to spread heat from hot 

spots that develop on the chip and PCB (chip/package level).
2. �Development of quiet, more effective cooling fans that con-

sume less power and more effective heatsinks (system level).
3. �Development of compact, reliable and easy-to-use liquid 

cooling systems to reject heat directly to the outside envi-
ronment without significantly impacting the building cool-
ing load (facility level).
Chip- and package-level thermal management is primarily 

concerned with conduction heat transfer mechanisms. As a result, 
the metric commonly used to evaluate thermal solutions is the 
thermal conductivity of the packaging materials. In the past, the 
low power dissipation of semiconductor chips allowed the use of 

materials with thermal conductivities (k) on the order of 1 W/m-
K. Today, these materials need to have values for k exceeding 10 
W/m-K. In the near future, packaging and PCB materials with a 
CTE near that of silicon and k > 100 W/m-K are needed. 

Table 1 shows some of the advanced thermal materials 
that are currently available or under development. One key 
factor in the use of these materials will be a better under-
standing of how to incorporate these costly materials into a 
cost-constrained process. Thermal simulation software that 
is able to handle the intricate details of package and PCB 
construction will also be needed to accomplish this goal of 
improved thermal materials. 

Another potential solution for chip-level cooling will be 
the development of internal liquid-cooling passages to spread 
and transport heat from on-chip hot spots and chips with high 
average heat flux to the external package/PCB surfaces through 
the introduction of liquid flow-through chip packages.

System-level thermal management continues to be domi-
nated by convection heat transfer; that is, air cooling. It is 
the preferred solution when cost is a concern; however, sig-
nificant engineering development will be needed to extend air 
cooling limits to accommodate the power increases projected 
for the near future. At a chip-level heat flux of about 50 W/
cm2, conventional heatsink designs become too large.

High-performance heatsink designs with high fin density and 
high aspect ratio fins are continuing to evolve and may provide 
some relief. Greater attention must be devoted to manufactur-
ability considerations and to reducing manufacturing costs for 

Table 1. Properties of traditional and selected advanced 
thermal management materials ( xy – in-plane; z 
– through-plane). 

Traditional Materials 	 Thermal	 CTE	D ensity
	 Conductivity	 (ppm/K)	 (g/cm3)
	 (W/m-K)

Copper	 400	 17	 8.9

Aluminum	 218	 23	 2.7

Kovar	 17	 5.9	 8.3

Copper/tungsten	 157-190	 5.7-8.3	 15-17

Invar/silver	 153	 6.5	 8.8

Continuous carbon fiber/aluminum	 290 xy-218	 -1-+162	 2.3-2.6

Discontinuous carbon fiber/aluminum	 185xy	 6.02	 2.5

Discontinuous carbon fiber/epoxy	 20-290xy	 4-72	 1.6-1.8

Silicon/aluminum	 126-160	 6.5-17	 2.5-2.6

SiC particle/aluminum (Al/SiC)	 170-220	 6.2-16.2	 2.8-3.0

Beryllia particle/beryllium	 240	 6.1	 2.6

Natural graphite/epoxy	 370xy	 -2.42	 1.94

Discontinuous carbon fiber/copper	 300xy	 6.5-92.5	 6.8

Continuous carbon fiber/SiC	 370xy	 2.52	 2.2

Advanced Materials 			 

Highly Oriented Pyrolytic Graphite	 1300-1700	 -1.02	 2.3

Thermal Pyrolytic Graphite	 1500xy-20z	 	

Natural graphite	 500xy-150 z	 –	 –

Diamond particle/aluminum	 550-600	 7.0-7.5	 3.1

Diamond particle/copper	 600-1200	 5.8	 5.9

Diamond particle/SiC	 600	 1.8	 3.3


