Diamond Composite Heat Spreader
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Abstract

Although diamond has a thermal conductivity founds higher than copper above room
temperature, it has not been used commerciallgdoting large semiconductor chips such as
that for CPU. CVD diamond film has a very highrthal conductivity (e.g. >1000 W/mK)
and it may be deposited in large areas (e.g. 1 tdpwever, CVD diamond film is too thin
(e.g. <1 mm) for channeling heat away effectivalyni a large die. In addition, CVD
diamond film is cost prohibitive (e.g. $100/”)m By infiltrating less expensive (e.g. $0.2/ct)
diamond grits with molten alloy of either copperatuminum, a composite with controllable
size and area can be produced. The compositéramditl with copper (DiaClY) has a
thermal conductivity (800 W/mK) that is twice ofpgmer; and with aluminium (DiAM) (600
W/mK) that is 50% higher than copper. Both heatagers are capable to cool CPU with
high power (e.g. >120 W) and fast clock (e.g. >4z%H

Diamond composite heat spreaders are the costtigffesolution (e.g. 1/10 of CVD
diamond film) for cooling CPU. Diamond has a thatraxpansion coefficient (e.g. 1.5
PPM/: ) that is one tenth of either copper or aluminuBy adjusting diamond size and
volume occupancy, the thermal expansion coefficodrihe composite (e.g. 7 PPM) may
be matched with the semiconductor so it can beebradirectly to a semiconductor (e.g.
LED).

Note: HeaThr( is a trade mark of Advanced Diamond Solution, Inc.
http://www.advanceddiamond.com
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1. Introduction

The densification of integrated circuitry (IC) faomputer CPU has been following
Moore’s Law since 1965 with the number of trangisidoubling every 18 months. In 2005,
a CPU chip may contain billions of transistors,leamning at a clock speed of up to 4 GHz.
Figure 1 shows that the progress of Intel procasfdiowing Moore’s Law. The device may
become overly heated at the hot spot, so Intel@hdr chip makers decided to split the
single CPU chip to duel cores.
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Fig. 1: The progress of Intel processors followlihgore’s Law.

The relation between power of CPU and line widtrswwhown as Fig. 2. The power
density of a CPU is now exceeding the hot plate @amadhe way toward the reactor of a
nuclear power plant. In order to prevent the chip from burning out (ea).100: ), the
processor is controlled by a thermostat in suclagtat the clock speed is reduced when the
chip becomes alarming hot (e.g. 8D As a result, the CPU cannot get the benefhigh
clock speed originally designed for.
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Fig. 2: The CPU chip can be hotter locally than fiiate.

The package of CPU was shown as Fig. 3. The CRisally pressed against a copper
heat spreader that is cooled by a heat sink. Eaé $ink can be a finned aluminum block
that is cooled by a fan. Alternatively, heat pipesvater circulated cooling system may be
used to extract heat away from the heat spreader.
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Fig. 3: The chip is cooled by contacting with a gepheat spreader that transmit heat to a
heat sink.

Diamond has a thermal conductivity that is four égmhigher than copper, it can
effectively reduce the chip’s running temperatur&loreover, the thermal diffusivity of
diamond is 12 times higher than copper, so it eanove heat at real time. The result is a
flattened temperature gradient by replacing coppir diamond as the heat spreader.

2. Experimental procedure

The diamond/copper and diamond/Al composites weaelarby ultrahigh press and
infiltration respectively at the temperature thet20~10Q higher than melting point of
metal. The thermal properties of diamond/metal cosiip were measured by laser flash and
dilatometer (TMA). The microstructure was obserbgdScanning Electron Microscopy and
optical Microscopy.

3. Results and discussion
a. The structure of diamond/metal composites
Fig. 4 and Fig. 5 show the structure of diamondpevpwith 90 Vol% diamond and

diamond/Al with 60 Vol% diamond composite respeetyv According to Fig. 4 and Fig. 5,
the uniform diamond distribution at composite welsi@ved in this research.
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Fig. 5: The structure of diamond-Aluminum heat sger with diamond content about 60
Vol%.

b. The Cooling of Diamond Composite




The relative cooling effect of diamond and diamaoanposite was shown as figure 6.
Diamond heat spreader may be made of CVD diamdmd fiHowever, it is very expensive
(e.g. >$50 per square centimeter of 0.5 mm thiokt & not a practical solution for cooling
CPU. Alternatively, a composite may be made ofraiad grit and copper or aluminum.
In this case the price can be much more reasorfalgle <$5 per square centimeter). Fig. 7
shows the thermal properties of diamond and itspomite. The thermal conductivity of
diamond/copper composite is about 800 W/mK thatwge of copper; and diamond
/aluminum composite is about 600 W/mK that is 50ghér than copper.
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Fig. 6: The relative cooling effect as performed dyomputer simulation. DiaCu is a
composite made of diamond grit and copper.



Fig. 7: The thermal conductivity versus thermal angion coefficient for various
semiconductors. The shaded areas shows that thposite of diamond grit with either
copper or aluminum may be used as practical heatdprs.

c. The Design of DiaMet Composite



Form Fig. 8 and Fig. 9, diamond grits may be irdtied by various metals to form
diamond-metal (DiaMet) composites.

Fig. 8: The infiltration of diamond grits by a merit metal can form a DiaMet composite. It
is important to eliminate any residue pore during infiltration so the heat transfer will not
be blocked by the presence of the pore.

Fig. 9: The DiaMet that contains iron alloy and givde in the matrix has a low thermal
conductivity so it is unsuitable to become a hgaeader. This DiaMet contains diamond
grits of 40/50 mesh and it was manufactured at & @#@ssure.



In order to transmit heat effectively, the infiled metal must have a thermal
conductivity higher than at least aluminuBiamond grits were also infiltrated with molten
copper at ultrahigh pressure. Alternatively, diachagrits were infiltrated with molten
aluminum at low pressure. Fig. 10 shows the micuastire of diamond/Cu and diamond/Al.

Fig. 10: DiaCu made at 5.5 GPa and 110@vith 90 V% diamond grits of 250-300 microns
(top diagram), and DiAl made at 100 Mpa and 70@vith 60V% diamond grits of 300-360
microns (bottom diagram). Note the back conversibdiamond to amorphous carbon in
DiaCu.



Fig. 11 shows that the acid leached diamond reeovéiom DiaCu and DiAl were
examined. It was found that diamond in DiaCu waghly strained and severely back
converted. However, diamond is DiAl was relativelact after the processing.

Fig. 11: The recovered diamond (40-60 microns) fidmCu (top diagram) and that (90-105
microns) from DiAl (bottom diagram).
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d. Testing Results

Samples of DiaCu and DiAl were made for heat spreagplications were shown as
Fig. 12.

Fig. 12: DiaCu of 52 mm in diameter by 2.5 mm iickiness (top diagram), and DiAl of 100
mm in square by 1.5 mm in thickness (bottom diagram
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The thermal conductivity of DiaCu was measuredtiagdato a copper heat spreader of
the same dimension by a temperature gradient methdlke result indicated that the thermal
conductivity of DiaCu was twice (800 W/mK) of thatt copper (400 W/mK). Alternatively,
a laser flash method was used to test the theromauctivity of DiAl with the result of 600

W/mK that is 50% higher than copper.
Fig. 13 shows that a DiaCu sample was tested aataspreader for a CPU running at a

power of 27 watts. The testing results were shosvtable 1. According to the results, they
indicate that DiaCu could reduce the contact teatpee of the CPU by 4 at the low
power of 27 W. It is inferred that the temperatdifleerence would be much larger (e.g. 20
. ) if the power of the CPU is much higher, such @8 .

Fig. 13: The heat spreader was pressed againstJaf@HFmnonitoring the temperature at the
contact face during the actually running of theenabok computer.

Table 1: Temperature: () of Heat Spreader for The CPU Running at 27 W

Thermal Couple Copper DiaCu
CPU 92 88
Cu Block 81.7 77.6
Heat Pipe 77.5 74.5
Ambient 35.1 35.3
Thermal Resistance: (/W) 0.16 0.11
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4. Conclusion

Although copper has a higher thermal conductivitgnt aluminum, the molten copper
cannot wet diamond as effectively as molten aluminulf a carbide former is used to coat
diamond before the infiltration of copper, the gmsed thermal conductivity due to the
improved bonding is compromised by the added thebhaaier of the carbide. Moreover,
the high diamond content achieved by infiltratingndond grains at ultrahigh pressure is
offset by the reduced thermal conductivity of steai diamond grains under high stress.
Hence, the overall thermal conductivity of DiaCutw®0 V% of diamond is only slightly
higher than DiAl of 60V% diamond. As the ultrahighessure process is size limiting and
cost prohibitive, DiAl would be a more practicalnemercial heat spreader for CPU. For
mass production by die casting, the cost of malkdmg of 100 mm in size with 2 mm in
thickness is approximately $20.

Fig. 14: The tradeoffs of thermal conductivity atietrmal expansion coefficient between
diamond content and grain size. The shaded areasoat effective heat spreaders for the
next generation CPU.

With the rapid advances of Moore’s Law, a moderrlUQiRay contain more than a
billion transistors. Although the CPU was takermrapn 2005 to become dual cores, the
total power of these chips continues to increasénus, the detour of multiple cores for the
design of CPU is merely buying time for the arrishla commercial heat spreader that has a
thermal conductivity higher than copper, diamondnposite heat spreaders can be the
practical solution for high power devices in thamtiture.
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