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INCREASING THERMAL CONDUCTIVITY OF 
THERMAL INTERFACE USING CARBON 

NANOTUBES AND CVD 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/170,313, ?led Jun. 12, 2002, Which 
is incorporated herein by reference. 

[0002] An integrated circuit package provides increased 
thermal conductivity to a thermal interface betWeen a circuit 
die and a thermal management solution such as a heat 
spreader or a heat sink by forming a chemical vapor depos 
ited diamond surface on the thermal management solution 
and groWing an array of carbon nanotubes on the surface of 
the CVDD layer or the circuit die. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] In order that the manner in Which the embodiments 
of the invention are obtained, a more particular description 
of the invention brie?y described above Will be rendered by 
reference to speci?c embodiments thereof Which are illus 
trated in the appended draWings. Understanding that these 
draWings depict only typical embodiments of the invention 
that are not necessarily draWn to scale and are not therefore 
to be considered to be limiting of its scope, the invention Will 
be described and explained With additional speci?city and 
detail through the use of the accompanying draWings in 
Which: 

[0004] FIG. 1 is an elevational cross-section of a prior art 
stack-up schematic of a cooling arrangement for an inte 
grated circuit package; 

[0005] FIG. 2 is an elevational cross-section of a CVDD 
enhanced prior art stack-up; 

[0006] FIG. 3 is a detail of the elevational cross-section of 
a CVDD enhanced prior art stack-up depicted in FIG. 2 
shoWing thermal interface material positioned betWeen the 
CVDD layer and the die; 

[0007] FIG. 4 is a detail of an elevational cross-section of 
an embodiment of the invention Wherein a CVDD enhanced 
stack-up utiliZes nanotubes groWn on the die surface; 

[0008] FIG. 5 is a detail of an elevational cross-section of 
a CVDD enhanced stack-up Which shoWs nanotubes groWn 
on the die surface and the CVDD layer; 

[0009] FIG. 6 is a detail of an elevational cross section of 
a CVDD enhanced stack-up Which shoWs nanotubes groWn 
on the CVDD layer of the integrated heat spreader; 

[0010] FIG. 7 is a process How diagram of a process for 
coupling a circuit die to a thermal management aid; and 

[0011] FIG. 8 is a process How diagram of another process 
for coupling a circuit die to a thermal management aid. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0012] The present invention relates to a structure and a 
process of forming an integrated circuit package that utiliZes 
a thermal interface material layer having an aligned array of 
carbon nanotubes projecting from a surface thereof. 

[0013] In order to cool electronic packages such as elec 
tronic dies, a bare silicon die is covered With an integrated 
heat spreader Which is formed from a thermally conductive 
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material such as copper and serves to laterally distribute the 
thermal load provided by hot spots on the die corresponding, 
for example, to the areas of highest transistor activity. 

[0014] In FIG. 1, there is shoWn an integrated circuit 
package 10 Which has an interposer or substrate 12 on Which 
a die 14 is located adjacent the substrate 12 and thermally 
coupled thereto through solder balls 16 Which are bonded to 
a surface of die 14 Which adjacent to substrate 12. The space 
betWeen adjacent solder balls 16 and betWeen the surface of 
die 14 and substrate 12 is generally ?lled With a thermally 
conductive gel 18. The combination of the thermal conduc 
tivity of solder balls 16 and thermally conductive gel 18 
provides a cooling path for a portion of the heat generated 
by die 14. 

[0015] As shoWn in FIGS. 1 and 2, a copper integrated 
heat spreader 20 is positioned adjacent to a further surface 
of die 14 Which is opposite to the surface of die 14 Which is 
adjacent to substrate 12. An inner surface 22 of heat spreader 
20 is, in prior art packages such as the one shoWn in FIGS. 
1 and 2, coupled to the surface of die 14 by a ?rst thermal 
interface material layer 24 Which is a thermally conductive 
material such as thermal grease or some similar material. 
Finally, the heat spreader 20 is in thermal contact With a 
copper heat sink 26 through a second thermal interface 28. 
Ambient air 30 ?oWs across heat sink 26 to cool it. 

[0016] In the prior art it has also been knoWn to provide a 
chemical vapor deposited diamond (CVDD) layer 32 
betWeen the die and the integrated spreader 20 to improve 
the lateral thermal conductivity of either the spreader 20 or 
the silicon die 14. CVDD layer 32 is illustrated in FIGS. 2 
and 3 applied to the inner surface 22 of integrated heat 
spreader 20. 

[0017] The thermal conductivity of the copper of the 
integrated heat spreader is about 395 W/mK While that of the 
silicon die is about 100 W/mK. The thermal conductivity of 
a CVDD layer is expected to exceed 1000 W/mK. It has 
been found through simulations that CVDD layers having a 
thickness of about 450 microns can provide thermal bene?ts, 
measured as a decrease in the total junction-to-ambient 
thermal resistance, are approximately 10% of total for 
CVDD layers applied to the integrated heat spreader, 20% 
for the CVDD layer applied to the die and approximately 
30% for combined CVDD layers on both the die and the 
integrated heat spreader. 

[0018] One of the dif?culties present With the use of 
CVDD layers applied to the die and the heat spreader are the 
roughness that is inherent With the unpolished deposited 
diamond surface 34 Which is characteriZed by asperities 36 
or projections that have siZes measured in microns. 
Although it may be possible to reduce the roughness some 
What by performing a polishing operation after the CVD 
process, such a polishing operation is expected to be a major 
contributor to the cost of manufacture of the product, 
particularly as the cost of the CVDD process itself 
decreases. Unfortunately, it also appears to be true that the 
roughness of the CVDD layer increases With increasing 
thickness of the CVDD layer despite the fact that increasing 
the thickness of the CVDD layer increases the thermal 
effectiveness of the layers. In the prior art, accommodation 
of the uneven surface of the die 14 or the inner surface 22 
of the integrated heat spreader 20 as Well as the lack of 
smoothness of the CVDD layer, Whether it is applied to the 
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die or to the integral heat spreader; a void ?lling thermal 
interface material 38 is inserted betWeen the tWo. 

[0019] Addition of aligned nanotubes to the thermal inter 
face, Whether the nanotubes are single Wall or double Wall, 
increases the thermal conductivity betWeen the die and 
integral heat spreader While alloWing the elimination of the 
polishing step from the CVDD process. Described beloW are 
embodiments of thermal solutions based upon the addition 
of nanotubes to the thermal interface betWeen the die and the 
integrated heat spreader. 

[0020] FIG. 4 shoWs an embodiment of the invention 
Where the single or double Wall carbon nanotubes 40 are 
groWn on die 14 by a plasma discharge deposition process 
available in the art. Once the nanotubes 40 are groWn on the 
surface of die 14, one end of nanotubes in the array is ?rmly 
af?Xed to the die 14. In this embodiment, the thermal 
conductivity of the nanotubes 40 is in a range of about 1000 
to 6000 W/m-K as compared to the conductivity of the 
typical thermal grease thermal interface material of about 
1-7 W/m-K. In the embodiment shoWn, the length of the 
nanotubes Would typically be about 100 microns or less so 
that the thermal resistance of the layer Would be negligible. 
The groWing of the nanotubes 40 on the surface of die 14 
?lls the surface roughness valleys to provide a nearly 
uniform layer for the interface. A limited crush of the 
nanotubes 40 alloWs for an excellent thermal connection 
betWeen the surface of die 14 and the CVDD coating 32 on 
inner surface 22 of heat spreader 20. In one embodiment a 
thermal grease may be applied to the array of nanotubes 40. 
In another embodiment, thermal grease is not used. In 
another embodiment, CVDD coating 32 may be formed on 
the surface of a heat sink 26 instead of a spreader 20. 

[0021] FIG. 5 illustrates a further embodiment of the 
invention in Which a structure has nanotubes 40 Which are 
groWn from both the CVDD surface of heat spreader 20 and 
the surface of die 14 using a plasma discharge method. In 
this embodiment the nanotubes 40 groWn from and af?Xed 
to the opposed surfaces intermesh as the surfaces are mated 
to provide a good thermal interface, even Without the use of 
thermal grease 38. In a further embodiment thermal grease 
38 can be used in combination With the carbon nanotubes 40. 

[0022] FIG. 6 shoWs an embodiment of the invention 
Where single or double Wall carbon nanotubes 40 are groWn 
on and af?Xed to the CVDD layer 32 of the integrated heat 
spreader 20 using a plasma discharge process. Again, the 
groWn nanotubes 40 ?ll in the surface roughness valleys and 
asperities 36 and compensate for them. The projecting 
nanotubes 40 are subject to limited crushing of the nano 
tubes 40 into the peak roughness features 42 of the die 14. 
Again, in one embodiment, no grease 38 is necessary to form 
the thermal interface. In a further embodiment, thermal 
grease 38 is provided in combination With the nanotubes 40. 

[0023] FIG. 7 is a How chart of an embodiment of the 
inventive process for enhancing heat ?oW from a circuit die 
to a thermal management aid such as a heat spreader or a 
heat sink. The ?rst stage 72 of the process is forming a 
CVDD layer on a surface of thermal management aid. After 
the CVDD layer is formed, a further stage 74 an array of 
substantially aligned nanotubes is groWn on one surface of 
the circuit die or on the CVDD layer on the thermal 
management aid. In stage 76 the thermal management aid is 
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mounted to the die With the layer of nanotubes thermally 
coupling the surface of the circuit die to the CVDD layer of 
the thermal management aid. 

[0024] FIG. 8 is a How diagram of another embodiment of 
the inventive process for thermally coupling a circuit die to 
a thermal management aid such as a heat spreader or a heat 
sink. In an initial stage 82 a CVDD layer is formed on the 
thermal management aid. In stage 84 a layer of nanotubes is 
groWn on the CVDD layer. In stage 86 the thermal man 
agement aid is mounted to the die With the layer of nano 
tubes thermally coupling the surface of the die to the CVDD 
layer of the thermal management aid. 

[0025] It Will be readily understood to those skilled in the 
art that various changes in the details, material, and arrange 
ments of the parts and method stages Which have been 
described and illustrated in order to eXplain the nature of this 
invention may be made Without departing from the prin 
ciples and scope of the invention as expressed in the 
subjoined claims. 

What is claimed is: 
1. Apparatus for cooling a circuit die, comprising: 

a thermal management aid having a CVDD surface; and 

an array of substantially aligned carbon nanotubes cou 
pling a surface of the circuit die to the CVDD surface 
of the thermal management aid, the array of nanotubes 
affixed to one of either the surface of the die or the 
CVDD surface of the thermal management aid. 

2. The apparatus of claim 1 Wherein the carbon nanotubes 
of the array of carbon nanotubes are primarily af?Xed to the 
CVDD layer of the thermal management aid. 

3. The apparatus of claim 1 Wherein the carbon nanotubes 
of the array of carbon nanotubes are primarily af?Xed to the 
surface of the circuit die. 

4. The apparatus of claim 1 Wherein the carbon nanotubes 
of the array of carbon nanotubes are af?Xed to both the 
surface of the circuit die and the CVDD surface of the 
thermal management aid. 

5. The apparatus of claim 1 Wherein the thermal manage 
ment aid is an integrated heat spreader 

6. The apparatus of claim 1 Wherein the thermal manage 
ment aid is a heat sink. 

7. The apparatus of claim 1 Wherein the array of substan 
tially aligned carbon nanotubes also comprises thermal 
interface material. 

8. The apparatus of claim 7 Wherein the thermal interface 
material comprises a thermally conductive grease. 

9. Apparatus for cooling a circuit die, comprising: 

a thermal management aid having a CVDD surface; and 

an array of substantially aligned carbon nanotubes cou 
pling a surface of the circuit die to the CVDD surface 
of the thermal management aid, the array of nanotubes 
affixed to the surface of the die. 

10. The apparatus of claim 9 Wherein the array is also 
af?Xed to the CVDD surface. 

11. The apparatus of claim 9 Wherein the array also 
comprises thermally conductive grease. 

12. Apparatus for cooling a circuit die, comprising: 

a thermal management aid having a CVDD surface; and 

an array of substantially aligned carbon nanotubes cou 
pling a surface of the circuit die to the CVDD surface 
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of the thermal management aid, the array of nanotubes 
affixed to the CVDD surface of the thermal manage 
ment aid. 

13. The apparatus of claim 12 Wherein the apparatus also 
comprises a thermally conductive grease. 

14. The apparatus of claim 12 Wherein the array is also 
affixed to the die. 

15. An integrated circuit package, comprising: 

a substrate; 

a circuit die mounted on the substrate 

a heat sink; 

a heat spreader thermally coupled to the heat sink and 
having a having a CVDD surface; and 

an array of substantially aligned carbon nanotubes cou 
pling a surface of the circuit die to the CVDD surface 
of the heat spreader, the array of nanotubes affixed to 
one of either the surface of the circuit die or the CVDD 
surface of the thermal spreader. 

16. The integrated circuit package of claim 15 Wherein the 
array affixed to both the surface of the circuit die and the 
CVDD surface of the heat spreader. 

17. The integrated circuit package of claim 15 Wherein the 
array also comprises thermal grease. 

18. A process for enhancing heat transfer from a circuit 
die to a thermal management aid, comprising: 

forming a CVDD layer on a thermal management aid; 

groWing an array of nanotubes on one of a surface of the 
circuit die or the CVDD layer; and 
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mounting the thermal management aid to the circuit die 
With the layer of aligned nanotubes thermally coupling 
the surface of the circuit die to the CVDD layer of the 
thermal management aid. 

19. The process according to claim 18, Wherein the 
groWing of a layer of nanotubes comprises forming the 
nanotubes on a surface of the die by a plasma-discharge 
process. 

20. The process according to claim 18, Wherein the 
groWing of a layer of nanotubes comprises forming the 
nanotubes on the CVDD layer by a plasma-discharge pro 
cess. 

21. A process for thermally coupling a circuit die to a 
thermal management aid comprising: 

forming a CVDD layer on a thermal management aid; 

groWing a layer of nanotubes on the CVDD layer; and 

mounting the thermal management aid to the die With the 
layer of nanotubes thermally coupling the surface of the 
die to the CVDD layer of the thermal management aid. 

22. The process according to claim 21, Wherein the 
groWing operation also comprises adding thermal interface 
material to the layer of nanotubes. 

23. The process according to claim 21, also comprising 
groWing a layer of nanotubes on the surface of the die and 
the mounting of the thermal management layer to the die 
also comprises intermeshing the layers of nanotubes. 


