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Thermal FUndamentals

One of the basic concepts of electronics cooling is  
effective transfer of heat from semiconductor devices to 
the ambient using heat sinks or other cooling technolo-
gies. The effectiveness of this approach depends on a 
system’s total thermal resistance, which is composed 
of discrete thermal resistances on the path of heat from 
the source to the ambient. One of these resistances is 
spreading resistance. 

Spreading resistance occurs whenever a small heat 
source comes in contact with the base of a larger heat 
sink. The heat does not distribute uniformly through the 
heat sink base, and consequently does not transfer ef-
ficiently to the fins for convective cooling. Figure 1 shows 
a CFdesign® simulation solution for such an occurrence. 
The spreading resistance phenomenon is shown by how 
the heat travels through the center of a heat sink base 
causing a large temperature gradient between the center 
and edges of the heat sink. 

  

 
Figure 1. CFdesign® Solution Showing Temperature  
Distribution at the Base of a Heat Sink.  

Spreading resistance is an increasingly important issue  
in thermal management as microelectronic packages  
become more powerful and compact and larger heat 
sinks are required to cool these devices. In high heat  
flux applications, spreading resistance can comprise 60 
to 70% of the total thermal resistance.  

A good estimate of spreading resistance is required to 
manage heat effectively using conventional air-cooled 
heat sinks. There have been a number of theoretical and 
experimental studies to estimate spreading resistance. 
Two of the most notable methods belong to Yovanovich 
et al. [1] and to Gordon N. Ellison [2]. 

While these extensive studies cover all aspects of 
spreading resistance, they involve cumbersome infinite 
series and complicated coefficient terms.   Fortunately, a 
simpler solution is provided by Lee et al. [3] that yield re-
sults very close to those of complicated methods and can 
be easily programmed in any spreadsheet software. The 
solution is based on a circular spreader plate and circular 
heat source. Thus, square spreader plates and heating 
sources must be converted into circular geometries as 
shown in Figure 2.

 

Figure 2. Transformation of a Square Spreader and Heat 
Source Into Circular Geometry [4]. 

The transformation is based on the areas of the plate and 
the heat source being the same for both the square and 
circular geometries. So, the equivalent radii in the circular 
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case are given by Equations 1 and 2:	

 		          (1) 			    (2)

	

		

The equivalent radii, r1 and r2, may then be used along 
with the thermal conductivity, k, of the spreader plate 
with thickness, t, to obtain the spreading resistance from 
Equation 3 [4]. 

 						           (3)

Equation 3 estimates the thermal conduction spreading  
resistance from the maximum temperature of a heat 
source to the convective surface on the top of the spreader 
plate. The parameters that are required to evaluate this 
equation are defined in Table 1.  
 
Table 1. Definitions of Terms Used in Spreading Resistance 
Equation 3.

 
 
ε =		          

λ =

t =		         Φ =
 

Bi =		        ψmax=

 
The accuracy of Equation 3 is tested in a study by R. E. 
Simons of IBM [4] which compares its results with those 
of the exact series solution developed by Ellison [2]. 

These calculations are based on a fixed heat input area 
of 10 x 10 mm on a square thermal spreader plate 2.5 
mm thick and ranging in size from 20 x 20 mm to 40 x 40 
mm. Two values of thermal conductivity were used,  
ranging from 25 W/mK for a material such as Alumina, to 
400 W/mK for a material such as copper. Similarly, two 
values of heat transfer coefficient were used, ranging 

from 250 W/m2K to 1000 W/m2K. These values represent 
what could be achieved with low and high performance 
forced convection heat sinks, respectively [4].    

A comparison of the results for the conduction/spread-
ing thermal resistance, Rsp, reveals that the error for the 
simplified formula ranges between -2.1% to +4.8% over 
all parameters [4].

Spreading thermal resistance can be mitigated in a  
number of ways. One convenient and intuitive method 
is to simply increase the thickness of the base of a heat 
sink. However, one should realize that increasing the 
base thickness will always mean decreasing the height  
of the fins. A loss of the fins’ convective surfaces beyond 
a limit would offset the benefits of reduced spreading  
resistance. In estimating the spreading thermal  
resistance, the convective resistance must be evaluated 
at the same time to find the optimized thickness of the 
heat sink base.

Another way to lower the spreading thermal resistance is 
to use heat sinks made from materials with high thermal 
conductivity. The most commonly used material is Alumi-
num due to its light weight, good conductivity, and ease of 
manufacturing. However, some applications require heat 
sinks with higher thermal conductivities. In these cases, 
Copper is often used because its thermal conductivity is 
twice that of aluminum. The main drawbacks of Copper 
are its high cost, weight, and difficulty to fabricate.

Figure 3 shows the effect of a heat sink’s base thickness 
and material on the spreading thermal resistance. To con-
struct this figure, Equation 3 is used for a spreader plate 
40 mm square, with a 10 mm square heat source. The 
convective heat transfer coefficient is assumed to be 27 
W/m2K. At first, as seen in the figure, thickening the base 
has a pronounced effect on the spreading resistance. 
However, this effect becomes less significant at subse-
quently higher thicknesses. On the material side, Cop-
per heat sinks consistently have a spreading resistance 
about half that of Aluminum heat sinks. This is because 
the thermal conductivity of Copper is about twice that of 
aluminum.  
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Figure 3. The Effect of a Heat Sink’s Material and Base  
Thickness on Thermal Spreading Resistance

In some high-heat flux applications where the heat sink 
needs to be considerably larger than a semiconductor 
die, thickening the base and/or use of copper heat sinks 
may not be adequate to compensate for the conduction 
losses in the base. In these instances, forced spreading 
devices need to be implemented. One device that can be 
very useful in reducing the component temperature is a 
heat pipe.

A heat pipe is a vacuum hollow tube that has a wick 
structure on its internal walls and has a small amount of 
coolant fluid [5]. The fluid becomes vaporized by absorb-
ing the heat in the evaporative section of the heat pipe. 
Vaporized fluid will condense at the condenser section of 
the heat pipe. The condensed fluid is then drawn back to 
the evaporator side by capillary force of the wick structure 
and the cycle would continue. As a result, heat pipes if 
properly designed and manufactured, could have thermal 
conductivities of 10-50 times of a solid copper. Figure 4 
depicts the internal structure of a heat pipe. 

 

Figure 4. Internal Structure of a Heat Pipe. [6]

Heat pipes can be embedded in the base of a heat sink 
to enhance the heat spreading at the base of the heat 
sink. The heat pipe spreads heat effectively across the 
sink base before it gets distributed to the fins. The result 
is more effective convective cooling since the fins’ base 
temperature will be higher, providing more effective use 
of the fins at the outer edge of the heat sink. There are 
several methods for embedding a heat pipe in a heat sink 
base. They can be completely embedded in the base 
or surface-embedded inside grooves machined into the 
base of a heat sink. In either case, conductive thermal 
epoxy is used to reduce the interfacial contact resistance 
between the heat pipe and the heat sink. 

Figure 5 depicts two ATS maxiFLOWTM heat sinks 
with embedded heat pipes. One sink has a completely 
embedded heat pipe and the other sink’s heat pipe is 
surface-embedded.

  

Figure 5. Embedded and Surface-Embedded Heat Pipe Heat 
Sinks.

Flat heat pipes, or vapor chambers, also have wide ap-
plications for reducing spreading resistance. Similar to 
conventional heat pipes, they are implemented at the 
base of heat sinks to spread heat evenly through the 
sink. They are more efficient than cylindrical heat pipes 
because they’re able to transfer heat in two directions. In 
Figure 6, the right-side image shows the internal structure 
of a vapor chamber, which is essentially the same as a 
cylindrical heat pipe. The image on the left shows how 
the use of a vapor chamber heat sink helps transfer heat 
uniformly throughout the entire heat sink. However, many 
designers avoid the use of heat pipes and vapor cham-
ber because of their reliability. Often times, with proper 
design of the heat sink the use of such devices can be 
eliminated.  
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Figure 6. Vapor Chamber Internal Structure and Performance 
[7].

Advanced Thermal Solutions, Inc. (ATS) has developed a 
solution to the spreading resistance problem: the Forced 
Thermal Spreader, FTSTM. The FTSTM is a relatively thin, 
rectangular chamber in which a combination of mini and 
micro channels transfer and distribute heat at a very fast 
rate. The coolant fluid is drawn and circulated inside the 
FTSTM chamber by a mini pump whose power consump-
tion is less than 2 watts. The coolant is pushed through 
the micro channels at the center of the FTSTM, creating 
high heat transfer coefficient. Its flow is then redirected 
and passed through a number of mini channels, transfer-
ring heat as it exits the FTSTM chamber. 

Research conducted at ATS has shown promising results 
for the FTSTM as a vital and effective method for reducing 
spreading thermal resistance. As a baseline for compari-
son, vapor chamber performance data was considered 
from a study presented by J. Wei, et. al. (Semi-Therm 
2003) [8]. In this study, a vapor chamber with the dimen-
sions 125 x 75 x 4.5 mm was used on a 17 x 17 mm heat 
source. It yielded a spreading resistance of 0.12 °C/W. By 
contrast, the FTSTM that was tested was smaller than the 
vapor chamber at 80 x 80 x 5 mm, and used a smaller 
heat source, 10 x 10 mm. In testing the FTSTM, convec-
tive conditions similar to those in the vapor chamber 
were created so the performance of the two could be 
compared. Testing under these conditions, the FTSTM has 

yielded a spreading resistance of 0.03 °C/W, which is four 
times better than the one for the vapor chamber. 

A CFdesign® simulation of the FTSTM was also run to 
compare with the experimental results. Figure 7 shows 
the solutions for two scenarios: one when no heat 
spreader is used and the other when the FTSTM is applied. 

 

  

Figure 7. CFdesign® Simulations Comparing the Effects of the 
FTSTM on Heat Sink Temperature Distribution.
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Figure 7 clearly shows that with FTSTM, the temperature 
throughout the heat sink on the left is uniform and 
substantially on the lower (cool) side of the temperature 
scale. As the bottom image shows, when the heat sink is 
used alone, the result is a high temperature concentration 
at the component area and much cooler temperatures 
elsewhere in the heat sink. This huge spreading resis-
tance would keep the heat from being dissipated through 
the base and consequently the fins. 

As semiconductor chips are made with more compact 
packaging and higher power densities, spreading re-
sistance is becoming the dominant part of their cooling 
system’s total thermal resistance. In order to stay within 
the limits of air-cooled capabilities, spreading resistance 
must be properly managed based on available tech-
niques and technology. Before investing in exotic and 
expensive solutions, it is worthwhile to determine whether 
the problem can be solved by simply optimizing the heat 
sink design parameters or considering a heat sink with 
higher thermal conductivity.  
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My name is Francisco. 
 

I design GPS devices for the defense industry.
 

Yesterday, it took me a half-hour  
to find my car at the mall.

I AM HOT 
(AND I’M NOT AFRAID TO ADMIT IT)

They say the first step to solving your  
problems is admitting you have one. The 
second is calling us. Now that ADVANCED 
THERMAL SOLUTIONS, INC. has teamed  
up with DIGI-KEY, your electronics cooling 
solutions are only a click away.

Visit www.Digikey.com to place an order or www.qats.com 
for further technical information. 




