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FEATURE ARTICLE

dvances in
Thermal Interface

Materials

D.D.L. Chung, Composite Materials Research Laboratory, Universily at
Buffalo, State University of New York, Buffalo, NY 14260-4400, USA.
E-mail: ddichung@buffalo.edu.

Overheating is the most critical problem in the com-
puter industry, as it limits the further miniaturization,
power, performance and reliability. An important way
1o alleviate this problem is to improve the thermal con-
tact between the microprocessor and heat sink in the
computer [1-5]. For this purpose, a material, known as
a thermal interface material [6], is placed at the inter-
face. In the case of a microprocessor with an integrat-
ed heat spreader, a thermal interface material is also
needed [or the interface between the die and the heat
spreader.

Thermal interface materials can be in the form of a
paste (known as a thermal paste, most conmonly based
on silicone) [7-13], flexible graphite [14-17], phase
change materials [18-20], low melting alloys [21,22]
and nanostructured carbon materials [10-13, 23-26].
A thermal paste should conform to the surface topog-
raply of the adjoining surfaces, because no surface is
perfectly smooth and the valleys in the surface topog-
raphy trap air, which is a thermal insulator.

Carbon black is a nanostructured carbon that is in
the form of porous agglomerates of nanoparticles (size
30 nm [10-13]). Due to this structure, carbon black is
highly conformable. In addition, the nanoparticles in
carbon black can [ill the microscopic valleys in the sur-
face topography of the mating surfaces. Thus, in spite
of the moderate thermal conductivity of carbon black,
carbon black paste outperforms silver paste and solder
as a thermal interface material [11]}.

The performance of a thermal interface material is
enhanced by high conlormability, high thermal con-
ductivity and low thickness. For two mating surfaces
that are flat and well aligned (i.e., parallel), the thick-
ness of the thermal interface material is ideally such
that the interface material is just enough to fill the val-
leys in the surface topography of the mating surfaces.
However, the two surfaces may not be {lat, i.e., there
may be some curvature in one or both surlaces.
Moreover, the two surfaces may not be well aligned,
due to the way that the two surfaces are brought togeth-
er. The more dilferent are the areas of the two surfaces,
the greater is the chance ol misalignment during fas-
tening, In the case where the surlaces are not [lat or not
well aligned, the gap between the surfaces can be sub-
stantial, at least locally, As a result, the thermal inter-
face material needs to be relatively thick and is referred
to as a gap-filling material.

Due to its relatively large thickness, a gap-filling
material is commonly in the [orm of a sheet. An exam-
ple is “flexible graphite™ [14-17], which is a graphite

sheet that is flexible and is resilient in the direction per-
pendicular to the sheet. The resiliency is made possi-
ble by the microstructure, which involves the mechan-
ical interlocking of exfoliated graphite in the absenee of
a binder [27]. In general, a gap-filling material in the
form of a sheet may be made more effective by coating
both sides of the sheet with a thermal paste, This paper
addresses gap-lilling materials, in addition to thermal
pastes.

Due to variability in the testing conditions {eg,
roughness and thermal conductivity of the mating sur-
[aces) and methods (e.g., positions relative to the ther-
mal interface of the temperature measurement), the rel-
ative performance of various thermal interface materi-
als should be evaluated by using the same testing
method and condition, Although the performance of
various thermal interface materials has been reported,
comparative evaluation has received little attention,
Comparative evaluation is necessary for providing
guidelines for the choice of a thermal interface materi-
al. In addition, it sheds light on the science o thermal
interface materials.

Comparative evaluation [28] in this paper uses each
ol two methods. One method involves application-ori-
ented testing by using a computer and measuring the
temperature rise during computer operation. Another
method involves scientific testing by using the Guarded
Hot Plate Method, which involves measurement ol the
heat flux in the steady state (ASTM Method D5470)
[13]. The latter method is more reliable scientifically,
but the former method is commonly used in the elec-
tronic industry. This paper also provides comparison of
the relative performance results obtained by using these
two methods.

The application-oriented testing [28] used an Intel
Pentium IV flip chip pin-grid array 2 (FC-PGA2)
microprocessor (processor core frequency 1.7 GHz,
system bus [requency 400 MHz, 12 cache size 256
Kbytes, core voltage 1.75 V) in a 478-pin package,
which was integrated with a heat spreader (area = 960
mm?) made of nickel coated copper with surface
roughness 8 ym (Fig. 1), The pins, which were made
of AwNi plated Kovar, were inserted in a socket that
was made of a fiber-reinforced polymer (resin). The
thermal interface material under evaluation was placed
at the interface between the heat spreader (30 x 30 mm)
and an aluminum heat sink (area of 88 x 64 mm and
surface roughness 12-21 um).

The maximum temperature dilference across the
interface between the microprocessor and heat sink
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surfaces, as obtained by two thermocouples (Type T), 8

was measured as a function of time from the start of

operation of the microprocessor [28]. The micro- L S

processor temperature increased with time, causing the . Heat sink (with -~

temperature difference between the two thermocouples » e finsy :

to change with time. The temperature difference at a » PSR- j

rime of 5 min was used for the comparative study. The — e e

smaller is the temperature difference, the less is the i

thermal resistance and the better is the performance. R

In the Guarded Hot Plate Method, the thermal con-

tact conductance was measured between two 1 x 1 in

(25 x 25 mm) copper surfaces of roughness 15 im that

sandwiched a thermal interface material [28]. The Substra

pressure in the direction perpendicular to the plane of Heat d
o the thermal interface was controlled at 0.46 MPa (50 Thermal interface at spreader

si) by using a hydraulic press. material in die .

g) o P Th}é ther?nal i)rllterface 11jnaterials evaluated are listed package Socket Printed
s in Table 1 (28], where FG denotes flexible graphite of , (MPGA4788) aireult board
han- in Table , where denotes [lexible graphite o Thermal interface (mother
ceof thickness 0.13 mm and Al denotes aluminum foil material being
| the (1145? of 'Lhickness 0.007 mm. Also evaluated were
ting materials in the form of pastes, namf:ly carbon blaf:k Fig. I Experimental set-up using a computer Jor application-oriented testing of various
aper (1.25 vol.%) polyethylene-glycol (with 3 vol.% dis- thermal interface materials [28]. T1 and T2 ave thermocouples. All dimensions are In mm,
gl solved ethyl cellulose) paste [10,11], commercial

“Arctic silver 5" (polyol ester filled with micronized sil- together make up 88 wt.% of the paste, from Arctic
e, ver partlcl.es, together with §ma11er quantities of submi- Silver Inc., Visalia, CA) and commercial “Shin-Etsu X- continued page 10
. cron particles of boron nitride, zinc oxide and alu- 23-7762” (aluminum particle filled silicone from Shin-
her- minum oxide, such that all the conductive fillers Etsu MicroSi, Inc., Phoenix, AZ). Flexible graphite and
 rel-
teri-
ting
e of
rted,
tion.
ding
\ter-
rmal
each . .
-01i-
7 the
yther
rded
[ the
470)
cally,
e « Over 220 solder alloys
o of
hese « Full range of shapes

Inte and sizes

342)
GHz,
256
cage,
960
rface
nti]‘ii INDIUM CORPORATION®
The S 0 W\;(vw.g.disp.com
. i b = askKus@inaium.com
aced S L ER PRC +86 (0)512 628 34300
mm) SINGAPORE +65 6268 8678
and UK +44 (0) 1908 580400
USA +1 315 853 4900
 the
sink




ADVANCING
MICROELECTRONICS

continued from page 9 of the mating surfaces and the consequent thin gap at
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1

the interface. The thin gap [avors an interface matery
that exhibits high conformability.

Table 1 also shows the thermal contact conductane
obtained using the Guarded Hot Plate Method [28], 4
low value of the temperature difference (based on
application-oriented testing using the computer) core.
lates with a high value of the contact conductance i
most cases. The main discrepancy pertains to ghe
results [or carbon black by itsell and for Arctic Silvey by
itsell. The temperature dillerence is lower for carhop
black by itself than lor Arctic Silver by itself, but the
conlact conductance is lower [or carbon black by iself
than for Arctic Silver by itsell. This discrepancy js
auributed to the greater smoothness ol the micr.
processor package than the copper surlaces used in he

] 1 i
2 1 ! ' contact conductance measurement. The carbon black
0 2 4 6 8 paste is more [luidic than Arctic Silver, so it has greater

Thermal contact conductance (1 0* Wlm2.°C)

Fig. 2 Temperature difference in computer testing vs. thermal contact conductance in
Guarded Hot Plate measurement [28].

aluminum foil that had been coated with each of the
pastes on both sides were also included in the compar-
ative study.

Table 1 shows the temperature difference obtained
by application-oriented evaluation using the computer
[28]. The best materials are carbon black by itsell,
Shin-Etsu by itsell and Al coated with Shin-Etsu; the
second best materials are [lexible graphite coated with
carbon black or Shin-Etsu and Al coated with carbon
black; the third best materials are Arctic Silver by itself
and aluminum coated with Arctie Silver. The superior-
ity of carbon black and Shin-Etsu over Arctic Silver
(each by itsell) reflects the alignment and smoothness

conformability, thus petforming particularly well for
smoother surfaces [10]. The heat sink surface is rough,
so conformability to the surlace topography of the heat
sink can be attained for both carbon black paste and
Arctic Silver. Fowever, conformability to the micr-
processor surlace is attained to a greater degree by the
carbon black paste than Arctic Silver.

Fig. 2 shows the extent of correlation between the
results of application-oriented computer tesling and
those of thermal contact conductance measurement, 4
higher conductance correlates with a lower value of the
temperature difference when the conductance is beloy
3 x 10" W/m2°C (Le., the temperature dillerence is
above 4°C). When the conductance is higler, the tem-
perature dilference is essentially independent of the
conductance. For example, thermal contact conduc-
tance measurement shows that Shin-Etsu by itsell is
more ellective than carbon black by itsell, but the va-
ues of the temperature difference obtained by comput-

er testing are close for these
two cases (Table 1). Thi
behavior is due to the fact that
the thermocouples used in the
compuler testing are separated
by not only the thermal inter

Table 1 Temperature difference at 5 min of Pentium IV computer operation and
thermal contact conductance for various thermal interface materials [28].

; FG = flexible graphite, Al = aluminum.
| T——
|

‘ . \ o L Thermal contact conductance [ace material, but also the

Thermal 1§t¢rfac§ material o :Tempcr‘au‘lrc difference (°C) (10* W/m2.°C)* microprocessor package, the

T a3 ‘ ‘ substrate and the socket (Fig.

D Carbon black 332016 85 £0.13 1). The separation makes the
| Arctic Silver 4,30 £ 0.39 631 + 0.39 measured temperature differ-
ence substantial, even though
i Shin-Etsu 3.07£0.53 741 £ 0.47 the actual temperature differ-
ence across the mating sur-
i FG 6.55 £ 0.43 1.40 £ 0.09 [aces may be small, Thus,lthe
% computer testing method is
£G + carbon black 367+ 0.27 293 =009 not ]suitablc for evaluating
FG + Arctic Silver 6.01 = 0.55 1.74 £ 0.15 high-performance thermal
| interface materials. A true
‘ FG + Shin-Etsu 4.04 = 0.58 2.63 £0.18 assessment of the elfectiveness
j Al of a (hermal interface material
‘ 6632048 1.32.£0.06 is the measurement of the
A ; thermal contact conductance.
—_ corbon Plack 02024 367031 In conclusion, comparative

Al + Arctic Silver 5.06 + 0.44 2,46 x 0.18 evaluation of the relative elfec

; tiveness of various thermal

Al + Shin-Etsu 3.27+0.35 4,59 + 0.48 interface materials shows that

carbon black paste, whether by
itsell or as a coating on alw

Measured using the Guarded Hot Plate Method, with the thermal interface material between
minum or [lexible graphite,

copper surfaces squeezed together at a pressure of 0.46 MPu (50 psi).

10
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more effective than silver paste (Arctic Silver), but is
comparable in effectiveness to aluminum paste (Shin-
Etsu). The carbon black paste by itself is as effective as
the Shin-Etsu paste coated aluminum. The high effec-
tiveness of the carbon black paste is due to its con-
formability. The Shin-Etsu paste is more effective than
Arctic Silver, whether by itself or as a coating. The rel-
ative performance is mostly consistent with that
assessed by measuring the thermal contact conduc-
tance. The correlation is good for conductance below 3
x 10% W/m2.°C. The discrepancy is attributed to the
difference in surface roughness between computer and
Guarded Hot Plate surfaces.
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