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Description 

FIELD OF THE INVENTION 

[0001 ]  The present invention relates generally to pro- s 
viding cooling solutions to electronic circuits, and, more 
specifically to the fabrication of a thermal interface struc- 
ture using carbon nanotubes to improve thermal per- 
formance to a die containing an electronic circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0002] In order that the manner in which the embodi- 
ments of the invention are obtained, a more particular 
description of the invention briefly described above will 
be rendered by reference to specific embodiments 
thereof which are illustrated 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 specificity and detail 
through the use of the accompanying drawings in wh ich: 

Figure 1 is an elevation view of a flip chip electronic 
device which is coupled to a cooling plate using a 
thermal interface according to an embodiment of 
the present invention; 
Figure 2 is a perspective view of a portion of the 
thermal interface of Figure 1, with polymer additive, 
showing carbon nanotube array bundles; 
Figure 3 is a perspective illustrational schematic 
view of a thermal interface showing, carbon nano- 
tube bundles, in exaggerated scale distributed over 
the surface of the thermal interface; 
Figure 4 is an elevational cross-section of the ther- 
mal interface structure depicted in Figure 3 showing 
the flow of heat from the surface of the electronic 
device to the heat sink; and 
Figure 5 is a flow chart of a process for producing 
a thermal interface structure according to one em- 
bodiment of the present invention. 
Figure 6 is a flow chart of a process for providing a 
thermal path between two objects according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0003] The present invention relates to a thermal in- 
terface structure and method of forming it from a matrix 
of oriented carbon nanotubes projecting from a sub- 
strate. 
[0004] It will be readily understood to those skilled in 
the art that various other changes in the details, mate- 
rial, and arrangements 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 principles and scope of the Invention 

as expressed in the claims. 
[0005] In Figure 1, a portion of an electronic device 
such as a computer 10 is illustrated in an elevation view. 
In device 10, a silicon die 12 which, in the embodiment 
shown, is mounted in a flip-chip ball grid array on an 
organic substrate 14 which is, in turn, mounted on a fur- 
ther substrate 16 and secured by solder balls 18. A cool- 
ing solution such as heat sink plate 20 is coupled to the 
surface of die 12 by a thermal interface structure 22 in 
the embodiment shown. 
[0006] A variety of thermal interface materials have 
been used in the past to reduce thermal resistance be- 
tween a die and a cooling solution. In some applications, 
thermal grease is used for the thermal interface material 
since such materials have high bulkthermal conductivity 
and readily conform to surface irregularities in the heat 
sink and the device. Use of thermal greases, however, 
have the disadvantage of possible pump out and phase 
separation of the grease as the die is heated and under- 
goes thermal warping due to differences in the coeffi- 
cient of thermal expansion between die 12 and organic 
substrate 14. In other applications, adhesives such as 
epoxy are used as thermal interface material but have 
the disadvantage of requiring a cure process after their 
application. Various thermal gels such as silicones or 
certain olefins may also be used as thermal interface 
materials but they also require curing after application 
and have lower thermal conductivity than thermal 
grease. Certain elastomers such as urethane rubber 
have high bulk conductivity but suffer from high contact 
resistance and require that high pressure of at least 100 
psi be applied at the thermal junction to provide ade- 
quate thermal coupling. Finally, certain phase change 
materials such as low molecular weight polyesters have 
been used but also suffer from the fact that their thermal 
conductivity is less than that of thermal grease. The ther- 
mal conductivity of thermal interface materials common- 
ly used have a conductivity value of about 10 W/m-°K. 
[0007] In one embodiment of the invention, a thermal 
interface structure is formed from an array of aligned 
carbon nanotubes in a polymeric interstitial material. 
Since the thermal conductivity of the carbon nanotubes 
is on the order of 3000 W/m-°K using them in a thermal 
interface structure will substantially increase its thermal 
conductivity. 
[0008] In Figure 2, a portion of a substrate 28 having 
an array of spaced bundles 24 of carbon nanotubes 26 
projecting from the surface thereof is illustrated in highly 
enlarged form prior to injection of a polymer additive. 
Such arrays are available from Nano-Lab, Inc. which 
manufactures them under a chemical vapor deposition 
process described in an article of Dr. Z. F, Ren in Sci- 
ence, 282,1105 (1998). The array of bundles 24 of na- 
notubes 26 which are produced in accordance with the 
process are grown on a variety of substrates 28 includ- 
ing glass and silicon. The nanotubes 26 grown on sub- 
strate 28 are aligned so that the majority of the nano- 
tubes are oriented generally parallel to each other and 
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perpendicular to the substrate 28 from which they 
project. The heights of the nanotubes are typically quite 
similar. 
[0009] A thermal interface structure 22 may be formed 
from a substrate 28 upon which nanotube bundles 26 5 
are supported. A polymeric interstitial material 30 is in- 
jected around the nanotube bundles 26 to support the 
nanotubes. Suitable polymeric materials include poly- 
carbonate, polypropylene and acetal. After addition of 
polymeric material 30, the substrate 28 upon which the 
nanotubes were originally formed is removed. Suitable 
processes -for removal of substrate 28 are mechanical 
grinding or chemical etching. 
[0010] As shown in Figure 2, the length L and width 
W of thermal interface structure 22 are selected to pro- 
vide a substantial heat exchange surface while falling 
within the outlines of the exposed surface of die 12. In 
one embodiment the length and width are 2 cm and 1 
cm. 
[0011 ] The maximum thickness t of the thermal inter- 
face structure is limited by the length of the carbon na- 
notubes but will typically fall within the range of about 5 
to 20 microns. Of course, increasing the thickness of the 
thermal interface structure 22 will increase the thermal 
impedance of the path between the die and the heat 
sink. As shown in Figure 4, the carbon nanotubes are 
oriented generally parallel to each other and perpendic- 
ular to the top and bottom surfaces of structure 22, since 
they provide their greatest thermal conductivity along 
their longitudinal axes and it is desirable to have the con- 
ducted heat follow the shortest path between die 12 and 
heat sink 20. 
[0012] Figure 5 is a flow chart outlining an embodi- 
ment of the method of forming the thermal intermediate 
structure. In operation 52 an array 24 of nanotube bun- 
dles 26 includes a substrate 28 from which nanotubes 
26 project. The array is embedded with an interstitial 
material 30 which is a polymeric material selected from 
the group consisting of polycarbonate, polypropylene, 
polyacetal, polyoxymethylene and polyformaldehyde. 
The interstitial material 30 is thermoplastic and is inject- 
ed in molten form to embed it in the array to form an 
intermediate structure. 
[0013] In operation 54 any excess interstitial material 
30 is removed from the intermediate and the substrate 
28 upon which the nanotube bundles were originally 
grown. The removal can be performed by a chemical 
mechanical polishing process or by mechanical grind- 
ing. At the conclusion of operation 54, the thermal inter- 
mediate structure is completed. The carbon nanotubes 
remained aligned with each other throughout the form- 
ing of the structure and, after removal of excess inter- 
stitial material and the original substrate, the ends of the 
carbon nanotubes are at the surfaces of the thermal in- 
termediate structure which engage the object to be 
cooled and the cooling solution surface to which the 
thermal intermediate structure couples it. 
[0014]   If the thermal intermediate structure provides 

thermal coupling between surfaces of two objects and 
the thermal intermediate structure is under pressure, 
yielding of the interstitial material will assure that the car- 
bon nanotubes make secure thermal contacts with the 
surfaces of the objects which sandwich it, despite the 
presence of irregularities in the flatness of the surfaces. 
[0015] Figure 6 shows a process for providing a ther- 
mal coupling between two objects. In operation 62, a 
nanotube array is coupled to one of the objects. In one 
embodiment, the nanotube array may actually be grown 
on the surface of the object rather than on a separate 
substrate. In that embodiment it is necessary that the 
temperatures and other conditions under which the car- 
bon nanotubes are formed by within the temperature 
ranges and exposure times permitted by the object upon 
which the nanotube array is grown. In this embodiment 
the injection with the interstitial material in operation 64 
and the removal of the excess material are carried out 
in much the same manner of the operations shown in 
Figure 5. 
[0016] In another embodiment, operation 62 is per- 
formed after the nanotubes are formed on a separate 
substrate and after the interstitial material has been ap- 
plied in operation 64 and the excess material removed 
in operation 66. 
[0017] In the embodiments the process shown in Fig- 
ure 6 discussed above, the operation 68 involves cou- 
pling the other surface of the array to the other of the 
two objects. In one embodiment one of the objects may 
be a cooling solution such as a heat sink and the other 
a semiconductor die. In one embodiment, either of the 
objects can receive carbon nanotubes as they are 
grown in operation 62. Using that process, an additional 
advantage of a particularly strong thermal bond to that 
object is obtainable. 
[0016] The foregoing description of the specific em- 
bodiments reveals the general nature of the invention 
sufficiently that others can, by applying current knowl- 
edge, readily modify and/or adapt it for various applica- 
tions without departing from the generic concept and 
therefore such adaptations and modifications are in- 
tended to be comprehended within the meaning and 
range of equivalents of the disclosed embodiments. 
[0019] It is to be understood that the phraseology and 
terminology employed herein is for the purpose of de- 
scription and not of limitation. Accordingly, the invention 
is intended to embrace all such alternatives, modifica- 
tions, equivalents and variations as fall within the spirit 
and broad scope of the appended claims. 

Claims 

1.  A thermal interface structure comprising: 

at least one carbon nanotube oriented substan- 
tially parallel to a desired heat transfer axis of 
the thermal interface; and 
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an interstitial material in which the nanotubes 
are embedded. 

2. The structure of claim 1, wherein the structure has 
a first surface to contact a surface of a circuit die 
and a second surface to contact a surface of a cool- 
ing solution, the first and second surfaces being 
substantially parallel to each other. 

3. The structure of claim 2, wherein the thickness of 
the structure from the first surface to the second sur- 
face is about 5 to 20 microns. 

4. The structure of claim 1 wherein the interstitial ma- 
terial is a polymeric material. 

5. The structure of claim 4, wherein the polymeric ma- 
terial is selected from the group consisting of poly- 
carbonate, polypropylene, polyacetal, poly- 
oxymethylene and polyformaldehyde. 

6. A thermal interface comprising: 

at least one bundle of carbon nanotubes, the 
bundles oriented substantially parallel to each 
other and to a heat transfer flow path of the ther- 
mal interface; and 
an interstitial material between the bundles of 
nanotubes. 

7. The thermal interface of claim 6 wherein the inter- 
stitial material is a polymeric material. 

8. The thermal interface of claim 6 wherein the thermal 
interface has first and second generally planar sur- 
faces which are each substantially perpendicular to 
the heat transfer path. 

9. A heat transfer structure for use with a semiconduc- 
tor die comprising: 

a heat sink having a surface to couple to the 
die; and 
a thermally conductive element comprising a 
first surface coupled to the heat sink and a sec- 
ond surface coupled to the semiconductor die, 
the thermally conductive, element comprising a 
plurality of carbon nanotubes oriented with their 
axes substantially perpendicular to the first and 
second surfaces. 

10. The heat transfer structure of claim 9 wherein the 
thermally conductive element also comprises an in- 
terstitial bonding material interspersed among the 
carbon nanotubes. 

11. The heat dissipating structure of claim 10 wherein 
the interstitial bonding material is a polymeric ma- 

terial selected from the group consisting of polycar- 
bonate, polypropylene, polyacetal, polyoxymethyl- 
ene and polyformaldehyde. 

5 12. The heat dissipating structure of claim 9 wherein the 
thermally conductive element has a surface area 
that is substantially the same as the surface area of 
the die. 

10 13. The heat dissipating structure of claim 12 wherein 
the thickness of the thermally conductive element 
is between 10 and 50 microns. 

14. An electronic assembly comprising at least one in- 
15       tegrated circuit package comprising: 

at least one integrated circuit die; 
a heat sink having a surface coupled to the die; 

•and 
20 a thermally conductive element comprising a 

first surface coupled to the heat sink and a sec- 
ond surface coupled to the die, the thermally 
conductive element comprising a plurality of 
carbon nanotubes oriented with their axes sub- 

25 stantially perpendicular to the first and second 
surfaces. 

15. The electronic assembly of claim 14 wherein the 
thermally conductive element also comprises an in- 

30 terstitial material embedded among the carbon na- 
notubes. 

16. The electronic assembly of claim 15 wherein the in- 
terstitial material is a polymeric material selected 

35 from the group consisting of polycarbonate, poly- 
propylene, polyacetal, polyoxymethylene and poly- 
formaldehyde. 

17. A data processing system comprising: 
40 

a bus coupling components to the data 
processing system; 
a display coupled to the bus; 
external memory coupled to the bus; and 

45 a processor coupled to the bus and comprising 
an electronic assembly including at least one 
electronic package comprising: 

at least one integrated circuit die; 
so a heat sink having a surface coupled to the 

die; and 
a thermally conductive element comprising 
a first surface coupled to the heat sink and 
a second surface to couple to the die, the 

55 thermally conductive element comprising a 
plurality of carbon nanotubes oriented with 
their axes substantially perpendicular to 
the first and second surfaces. 

4 
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18. The data processing system of claim 17 wherein the 
thermally conductive element comprises an intersti- 
tial material Interspersed among the carbon nano- 
tubes. 

19. The data processing system of claim 18 wherein the 
interstitial material is a polymeric material selected 
from the group consisting of polycarbonate, poly- 
propylene, polyacetal, polyoxymethylene and poly- 
formaldehyde. 

coupled to the object comprises 

forming the array on a substrate; 
embedding the array in an interstitial material; 

5 removing the substrate; and 
coupling the array to the object. 

20. A method of fabricating a thermal interface structure 
comprising: 

embedding an array of substantially aligned is 
carbon nanotubes in an interstitial material to 
form an intermediate having a layer of substan- 
tially aligned carbon nanotubes embedded 
therein; and 
removing excess material from the intermedi- 20 
ate to provide a thermal interface structure hav- 
ing a first substantially planar surface for en- 
gaging a surface of one object and a second 
substantially planar surface for engaging a sur- 
face of another object, the first and second sur- 25 
faces oriented substantially perpendicular to 
the substantially aligned carbon nanotubes. 

21. The method of claim 20 wherein the array of sub- 
stantially aligned carbon nanotubes also comprises 30 
a substrate from which the carbon nanotubes 
project and wherein the removing of excess mate- 
rial also comprises removing at least a portion of 
the substrate. 

35 
22. The method of claim 20 wherein removing excess 

material comprises chemical mechanical polishing 
of the intermediate. 

23. The method of claim 20 wherein removing excess *o 
material comprises etching the intermediate. 

24. A method of providing a thermal intermediate be- 
tween two objects comprising: 

45 
providing an array of substantially aligned car- 
bon nanotubes coupled to one of the objects; 
embedding the array of substantially aligned 
carbon nanotubes in an interstitial materia! to 
form a layer of substantially aligned carbon na- 50 

notubes embedded therein; and 
coupling the array to the other object. 

25. The method of claim 24 wherein providing the array 
coupled to the object comprises forming the carbon 55 
nanotubes on the surface of the object 

26. The method of claim 24 wherein providing the array 

5 





EP 1 329 953 A1 

7 



EP 1 329 953 A1 

(   BEGIN ) 

FORM INTERMEDIATE OF 
EMBEDDED NANOTUBES 

I > 

REMOVE EXCESS MATERIAL 

JZ 
(    END ) 

Fiff.5 

(    BEGIN ) 

COUPLE NANOTUBES ARRAY 
TO ONE OBJECT 

I 

EMBED ARRAY IN 
INTERSTITIAL MATERIAL 

_c4 
REMOVE EXCESS MATERIAL 

COUPLE ARRAY TO OTHER 
OBJECT 

7-^ (     END ) 

8 



EP 1 329 953 A1 

European Patent 
Office 

EUROPEAN SEARCH REPORT 
Application Number 

EP 02 25 8760 

DOCUMENTS CONSIDERED TO BE RELEVANT 

Category Citation of document with Indication, where appropriate, 
 of relevant passages  

Relevant 
to daim 

CLASSIFICATION OF THE 

1,2,4, 
6-10,12, 
14,15, 
24,25 
20 

H01L23/433 
H01L23/373 
C01B31/02 

1,2,4, 
6-10,12, 
14,15, 
17,18, 
24,25 

1,4-11, 
20,24,25 

14,17 

1,2,4, 
6-10,24, 
25 
14,17 

4,16 

TECHNICAL FIELDS SEARCHED (lnt.CI.7) 

H01L 
C01B 

1,2,4, 
6-10 

14,16 

A 

P,X 

A 

X 

A 

A 

X 

A 

US 5 965 267 A (LYNCH DAVID G ET AL) 
12 October 1999 (1999-10-12) 

* the whole document * 

US 6 407 922 Bl (ECKBLAD MICHAEL Z ET AL) 
18 June 2002 (2002-06-18) 

* the whole document * 

W0 01 92381 A (BARRERA ENRIQUE V ;UNIV 
RICE WILLIAM M (US); LOZANO KAREN (US); 
CH) 6 December 2001 (2001-12-06) 
* the whole document * 

EP 1 054 036 A (FINA RESEARCH) 
22 November 2000 (2000-11-22) 

* the whole document * 

ANDREWS R ET AL:   "NANOTUBE COMPOSITE 
CARBON FIBERS" , APPLIED PHYSICS LETTERS, 
AMERICAN INSTITUTE OF PHYSICS. NEW YORK, 
US, VOL. 75, NR. 9, PAGE(S) 1329-1331 
XP000868231 
ISSN: 0003-6951 
* the whole document * 

W0 01 30694 A (SMALLEY RICHARD E ;UNIV 
RICE WILLIAM M (US); SMITH KEN A (US); 
CHI) 3 May 2001 (2001-05-03) 
* the whole document * 

The present search report has been drawn up for all claims 

THE HAGUE 

Dale ot complatton o» tt* search 
27 March 2003 Zelsler, P 

CATEGORY Of CITED DOCUMENTS 
X: particularly relevant fl taken atone Y: particularly relevant U combined wQh another 

document of the same category 
A: technological bacfqground 
O: non-wrtten disclosure 
P: Intermediate document 

T: theory or principle underlying the invention . 
E : earUer patent document, but published on, or 

after Ihe tiling date 
D: document cited In the application 
L: document cited for other masons 
& : member ot the same patent family, corresponding 

9 



EP 1 329 953 A1 

European Patent 
Office 

EUROPEAN SEARCH REPORT Application Number 

EP 02 25 8760 

DOCUMENTS.CONS1DERED TO BE RELEVANT 

Category Citation of document with Indication, where appropriate, 
 of relevant passages  

Relevant 
to claim 

CLASSIFICATION OF THE 
APPLICATION (tnt-ClT) 

EP 1 109 218 A (POLYMATECH CO LTD) 
20 June 2001 (2001-06-20) 
* the whole document * 

W0 00 33628 A (INTEL CORP ;BR0WNELL 
MICHAEL P (US)) 8 June 2000 (2000-06-08) 
* the whole document * 

1,6 

1,6 

TECHNICAL FIELDS 
SEARCHED (lltLCL7) 

The present search report has been drawn up for all claims 

THE HAGUE 
Dzt« at completion ot th« %o*nr> 

27 March 2003 
Exarrrintr 

Zeisler, P 
CATEGORY OF CITED DOCUMENTS 

X; pa/tfcutarly relevant if taken atone 
Y: particularly relevant It combined with another 

document of the same category 
A: technological background 
O: non-wisten disclosure 
P: intermediate document 

T: theory or principle underlying the invention 
E: earlier patent document, but published on. or 

after the Ring dale 
D: document died In the application 
L: document cited for other reasons 
& : member of (he same palert family, corresponding 

document 

10 



EP 1 329 953 A1 

ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. EP 02 25 8760 

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report 
The members are as contained In the European Patent Oftice E DP ffle on 
The European Patent Office Is in no wayfiable for these partcufars which are merely given for the purpose of information. 

27-03-2003 

Patent document 
cited in search report 

Publication 
date 

Patent family 
member(s) 

Publication 
date 

US 5965267 12-10-1999 US 5780101 A 14-07-1998 

US 6407922 Bl 18-06-2002 NONE 

W0 0192381 06-12-2001 AU 
EP 
WO 

2577101 A 
1244730 Al 
0192381 Al 

11-12-2001 
02-10-2002 
06-12-2001 

EP 1054036 22-11-2000 EP 
AU 
W0 
EP 
JP 
US 

1054036 Al 
4565900 A 
0069958 Al 
1181331 Al 

2002544356 T 
6331265 Bl 

22- 11-2000 
05-12-2000 
23- 11-2000 
27-02-2002 
24- 12-2002 
18-12-2001 

W0 0130694 A 03-05-2001 AU 
CN 
EP 
WO 

2248301 A 
1359352 T 
1226093 A2 
0130694 Al 

08-05-2001 
17-07-2002 
31-07-2002 
03-05-2001 

EP 1109218 A 

W0 0033628 A 

20-06-2001 

08-06-2000 

JP 
EP 
US 

AU 
W0 

2001172398 A 
1109218 A2 

2001004546 Al 

1616300 A 
0033628 Al 

26-06-2001 
20- 06-2001 
21- 06-2001 

19-06-2000 
08-06-2000 

2 
s 

Si For more details about this annex : see Official Journal of the European Patent Office, No. 12/82 

11 



This Page is Inserted by IFW Indexing and Scanning 

Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 

documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

FADED TEXT OR DRAWING 

BLURRED OR ILLEGIBLE TEXT OR DRAWING 

SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ /GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER:  

IMAGES ARE BEST AVAILABLE COPY. 

As rescanning these documents will not correct the image 

problems checked, please do not report these problems to 

the IFW Image Problem Mailbox. 


