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ABSTRACT: We report the characteristics of graphite thin films as a thermal interface
material (TIM). These films are 0.14 to 30 um thick with the basal (a—b) plane oriented in
the film plane direction. In films the thermal resistance (TR)is not proportional to the film
thickness but decreases at an accelerated rate as the thickness decreases.As a result, the
TRreaches down to 0.067 K-cm?W™ (pressure 40 N-cm™®) when the graphite film is 0.39um
thick.This phenomenon occurs because the TRat the interface between graphite and
electrode (copper) decreases nonlinearly.The graphite film behaves like a flexible material
(particularly, that are less than 2pm thick)and corresponds to the surface irregularities of
the electrode, so that the thermal bonding close to surface contact can be
realized.Moreover, high thermal conductivity in the film direction also contributes to the
reduction of interface TR.The graphite thin film TIMs below 2um thick are invaluable for
their small TR value, excellent high durability, and low sensitivity of the TR to pressure. It
can be applied in a wide range of applications as a means of effective heat dissipation such
as in the fine portions of a semiconductor chip, a power semiconductor, or an LED.In
addition, the new type three-layer TIM with grease on the surfaces of 2 to 30 pm thick
graphite film is expected to have improvedTR and durability that is superior to that of the
conventional composite type TIM.

Index Terms: Thermal interface  material,Graphite  thin  film, Thermal
resiatance,Interfacial thermal resistance, Durability, Thermal managements.

l. INTRODUCTION

It is well known that heat generated by electronic deviceswith ever increasing power
consumptions is a significant problem in electronic industry and the development of a means of
efficient heat dissipation is indispensable for improving the heat transfer capabilities in
electronics. [1-3]

Thermal interface material (TIM) is a very important component in thermal management
technology.[4-6]TIM is inserted between a heat generating device (for example, a heat source)
and a heat dissipating device (for example, a heat sink) and has a function of smoothly moving
the generated heat.The TIM characteristic is expressed by a thermal resistance (TR) value, which
is the sum of two interfacial TR(Rinterface) and the bulkTR(Rpyk).The value of TR i« is
proportional to the thickness of the TIM and inversely proportional to its thermal conductivity
and measurement area.Therefore, the TR is not an inherent physical property of the material but
a practical value.Typical TIMs include greases, low melting point metal foils, phase change
sheets, and composite type materials.Silicon grease and low melting point metal TIM have
excellent TR characteristics such as 0.07 K-cm?W™ for Indium (In) metal (Pressure: 6N-cm?)
and 0.13~2.0K-cm?W™ for Silicon grease (Pressure:10N-cm™).[5]However, these TIMs have a
problem in thermal durability. For example, since the melting point of In metal is 160 °C, it
melts and flows in the solder reflow process (260 °C).
_______________________________________________________________________________________________________________________________________|]
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Composite type is the most important TIM in which the thermal conductivity is improved
by adding fine highly thermally conductive fillers such as carbons, metals, or ceramics with the
interfacial thermal resistance reduced with grease or flexible polymer. However, when the
amount of filler is increased to realize high thermal conductivity the flexibility is lost, and the
Rinterface iNCreases. For this reason, the thermal conductivity of a typical compositetype TIM was
in the 1 to 100 W-m'K™ range, but itwas difficult to achieve a TR value less than 0.2
K.-cm?W.[7]Thermal stability of grease or polymer was also a problem. The degradation of
composite type TIM characteristic not only appear as an increasing TR value, but also as the
“pump out” or “bleed” phenomena.lt is imperative to develop a new TIM that has low TR value,
high heat stability, durability, and chemical stability.In recent years, the thermal properties of
nanocarbon materials have drawn attention,and low TRcompositetype TIMs incorporating
nanocarbon fillers such as graphene [7-14]or CNTs [15,16] have been reported. However, these
fillers do not essentially solve the problems of a composite type TIM of insufficient heat
resistance and deterioration.Studies were also conducted for use flexible graphite films of 130
pm to 3 mm thickas a TIM, but they were not attractive as TIM because their TR values exceeded
over 1.0 K-cm?W™, [17, 18]

Thisreport describes the TIM characteristics of graphite thin film from 0.14 to 30
umthickunlike the conventional composite type TIMs or thick graphite filmsand proposes two
new types of graphite TIMs.

II. EXPERIMENTAL

2-1. Materials

Graphite thin films were prepared by carbonization and subsequent graphitization using
a pyromellitic dianhydride (PMDA)/ 4, 4’-oxydianiline (ODA) type polyimide (PIl) film
[19-21].Carbonization of the PI film was performed in a nitrogen flow andthe Pl undergoes
thermal decomposition between 500 °C to 600 °C. The heat-treatment above 1000 °C was carried
out in argon flow using a Tammann type furnace with the heating rate of 20 °C-min’!. The highest
treatment temperature (HTT) was 3000 °C and the sample was held at the HTT for 20 minutes.
The obtained film thickness was measured using a cross-sectional SEM photograph.
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Fig. 1. SEM photographs of the cross-section of thegraphite film with different
thickness used in this paper.

Figure 1 shows an SEM photograph of the cross section of graphite films of different
thickness. Layer structure was observed in the film plane direction in all samples. The variation in
thickness within the film between 1 to 4 pm thick was within = 0.1 pum, and within + 0.02 pm for
films less than 1 um thick.
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Fig.2.(a) Cross-sectional SEM photograph of the0.67 um thick film used inthis paper.
(b) Cross sectional photographby TEM. (c) Typical film surface photograph by
optical microscope. (d)Photograph of thefilm with an area of 4x3cm?.

Figure 2(a) and (b) show SEM and TEM photographs of the cross-section of the
graphite film0.67 um thick. The cross-sectional SEM image (a) shows a striped structure, and the
TEM image (b) shows a highly oriented layer structure. The latter interlayer distance was
measured to be 0.336 nm, confirming that the structure was a well-oriented graphite layer (basal
(a-b)) planestructure.From the results, it wasproved that the striped structure of the film cross
section corresponds to the graphite structure.Fig. 2(c) is an optical microscope photograph of the
film surface. The surface of the all filmswith different thickness used in this paper was wrinkled
and undulated to the same extent. Fig. (d) is a photograph of the film. Samples were made at | east
as large as the area of the measuring electrode. These films have high elastic constants and film
with a thickness over 0.5pmcan be easily handled as free-standing films.[19]

2-2. Measurement of thermal diffusivity

The thermal diffusivitiesof the film surface direction of 1.0 to 30 umthick measured by the
periodic heating method (measurement frequency: 200 to 400Hz) were 1.0 to 1.1x10° m?.s%.[22,
23]However, because this method has a large effect of heat dissipation, it was impossible to
accurately measure of the samples less than 1.0 pm thick. The thermal diffusivity in the film
thickness direction was also impossible because the measurement distance was too short.

The thermal diffusivity in the film thickness direction was measured by the laser flash
method using 2 mm thick graphite block, produced by laminating and pressure firing a plurality of
1pm thick sheets.[19, 22] The thermal diffusivity in the surface direction of the block was 1.2x10°3
m2.s7t, and the filmthickness direction was 4.6x10°% m?.s™*,

Although the latter value includes the interface TR between the plurality of graphite films,
it is in agreement with the previously reported thermal diffusivity value in the interlayer direction
of graphite.[24]When the density (2.25x10° kg-m™®) and the specific heat capacity (740 J-kg*K™)
values of Highly Oriented Pyrolytic Graphite (HOPG) are used,the thermal conductivity in the
film plane direction is 1998 W-mK™, and in the thickness direction is 7.6 W-m*K™.

2-3. Measurement of thermal resistance

Measurement of TRwas carried out using a precision TR measuring device
manufactured by Hitachi Technology & Services Co., Ltd. Figure 3 shows the principle of the
measurement.[25-27]The measurementwasperformed by sandwiching a graphite film between
copper electrode rods having a square cross-sectional area of 1cm? and heating one electrode end
(Fig. 3(a)). Thermocouples were embedded in the upper and lower electrode rods at regular
intervals of 10 mm, and AT can be obtained from the difference in temperature gradient obtained
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from the temperature at each point. The TR value (AT) is the total of the sample itself (R ) and
the two interface TR values (R inerface) Detween electrode and material.In a general TIM such as a
composite type, the magnitude of R jnerface Can be estimated by setting the thickness of TIM to
zero, since the R jherface 1S CONStant and R ¢ varies in proportion to the thickness of the material
(Fig. 3(b)).

As already mentioned, the TR value is a practical value that changes according to the
state of the electrode and the setting method of the sample, for example. [28]In order to minimize
the influence of the electrodes, the electrode cylinder was made of pure copper, and after
mechanical processing with a roughness of 0.2 pm the surface was further mirrorpolished. The
actual center line calculation average roughness (Ra) was much smaller than 0.2 and estimated to
be about 0.01 to 0.05.

First, the thickness change of the graphite film by pressurization wasestimated using the
sample of 30.4 £ 0.2 um thick film.The electrode spacing in a pressurized state was measured,
and the value was compared with the film thickness of the sample before pressing obtained by
SEM measurement. When a pressure of 50 N-cm™ was applied the average spacing value from 10
times measurements was 29.8um. Therefore, it was estimated that the change in the film
thickness due to pressurization in the range of 10-50 N-cm™ was 2.6% at the maximum.From this
result, we judged that the change in film thickness due to pressure was small, and we used the
thickness obtained by TEM measurement for thermal resistance measurement.Due to the large
gap measurement error, it was not possible to measure the change in film thickness due to the
pressure of a film with a thickness of 4 um or less.
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Fig. 3. (a)Principle of TR measurement. Steady-state method (Guarded Hot Plate
method:GHP method). (b)Contents of the measured TR value.Thevalue
consists of bulkTR(R pyk) and two interface TR(R jnterface)-

Power (W) was applied to obtain the interface temperature of 60 °C, and then pressure
from 10 to 50 N-cm™® was applied. After the temperature became constant, the measurement was
carried out 10 times and the average value was taken as the TR value.These conditions are
determined by the ASTM D 50 570 method according to the American Society for Testing and
Materials Standards. Since theTR value is influenced also by the adjustment state of the
measuring apparatus, it was necessary to pay special attention to the measurement of a minute
TR value. In order to check if the measuring apparatus adjustment is normal, the silicon grease
(Shin-Etsu Chemical Co. Ltd,G747, thermal conductivity: 0.90 W-m'K™) was coated on the
electrode surface and the load of 40 N-cm™ was applied. When the measured value was equal to
0.10 K-cm?W™!, it was judged that the condition of the measuring instrument was normal. This
procedure is a standard method for achieving the lowest TR in a thermal measurement apparatus
using steady-state method.Bythesetechniques, even in the measurement of small TR, the
measurement error could be made within 10%.
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I1l.  RESULTS AND DISCUSSION

3-1.Relationship between TR and film thickness

The TRvalue when the electrodes is in direct contact (without TIM) was 1.35 K-cm? W *
and the value when a 30 pm thick graphite film is sandwiched was 0.54 K-cm?W ™. Therefore, in
principle, a film having a thickness of at least 30 pmor less functions as a TIM.Figure 4 shows
the relationship between the film thickness (0.95 to 30 um) and the TR value.The line (a) is the
relationship when the pressure is 10 N-cm? and (b) is 40 N-cm™. In either case, TRvalue
decreased sharply as the films became thinner, and there was no linear proportional relationship
between the thickness and the TR.The value at a film thickness 0f0.95 pm under 40 N-cm was
0.12 K-cm?W™'. Such relationship between thickness and TR is not known in conventional
TIMs.
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Fig.4.Thickness dependence of TR value of the graphite filmsfrom 30 to 0.95um
thick. (a) underpressure of 10 N-cm™, (b) under pressure of 40N-cm™.
The value when silicon grease coated electrodes wereused, (c) under
pressureof 10 N-cm?, (d) under pressure of 40 N-cm™.

The TR value was measured using an electrode coated with a small amount of silicone
grease (G 747) on the surface.This is a method of making the R jnerface@S Small as possible and
constant. Figure4(c) and (d) show the relationship between the film thickness and TR,measured
under a pressure of 10 N-cm™® and 40 N-cm?, respectively.The use of grease greatly reduced the
TR particularly in the range of 2 to 30 um thick film, and the relationship also changed to the
linear dependence as the conventional composite type TIM.When the film thickness was
extrapolated to thickness zero the estimated R inerface Value was 0.10 K-cm?W™ for 40 N-cm™
pressure. This value was the same as the value when equipment adjustment is performed using
only grease.For example, TR value of 30 pm thick graphite film is 0.165 K-cm?*W™, so the Ry«
value is estimated to be 0.065K-cm?W™and it shows that 88% of the TR value (0.53 K-cm?W™?)
of without grease is the R jnerface-
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Fig. 5.Thickness dependence of TR values of the filmsfrom 4.8 to 014um thick,
(a) underpressure of 10 N-cm™2, (b) under pressure of 40 N-cm™.
Thicknessdependence of TR value when grease coated electrode was used,
(c) under pressure of 10 N-cm™, (d) under pressure of 40 N-cm™.

Figure 5 shows the relationship between the TR value and film thickness below 4.8 pm.
Fig. 5(a) and (b) show the characteristics under pressure of 10 N-cm™ and 40 N-cm?,
respectively, and (c) and (d) show the characteristics when using silicon grease coated
electrodes.The TR value is almost constant when using a coated electrode, indicating that the R
bulk value of a graphite film with a thickness of less than 4.8 pm is so small that it has little
effect on the measured TIM characteristics.

TheTR values of the graphite films from 0.67 to 0.14 um thick wereranging from 0.067
to 0.10 K-cm?W™ (pressure 40 N-cm™).In particular, the value of 0.39 pm thick was 0.067
K-cm?W™!, resulting in extremely small TR values.The TR valuesweresmaller than the value
achieved with only silicone greases or graphite films using silicon coated electrodes, meaning
that the R jnterfacevValue between copper and graphitewassmaller than between copper and fluid
greases.

3-2. Thermal boundary conductance of the interface

The influence of the surface conditions on the TR value decrease was considered to be
small, since the surface wrinkling and undulation of all films used were similar. On the other
hand,graphite thin films areflexible,and their flexibility increaseswith thinner films. Unlike the
surface conditions, increase in the flexibility is believed to have a major impact on the decrease
in the TR value. The films less than 1 um thick had a sufficient flexibility to substantially fill the
asperities on the surface of the electrode,and the thickness of 0.39 pm may be optimal.Increase in
TR of the films of 0.14 and 0.24 pm thick were likely because the thickness may insufficient to
fill the irregularities of the electrode surface or a gap caused by slight deviations from perfect
parallelism of the electrodes. To identify the reason, it is necessary to compare with the more
detailed structures of the electrode, but it was not possible to identify the reason.

However, it is unclear whether the increase in contact area due to the increase in film
flexibility is sufficient to account for the non-linear decrease in the TR value. Most of the
thermal conductivity of a graphite is due to acoustic phonon oscillations. [29-31]The acoustic
mismatch model (AMM) and the diffuse mismatch model (DMM) have been used to calculate the
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thermal boundary conductance of interfaces. The AMM assumes a geometrically perfect interface
and phonon transport across it is entirely elastic, treating phonons as waves in a continuum, and
the DMM assumes scattering at the interface is diffusive, which is accurate for interfaces with
characteristic roughness. In these calculations, the distance of the interface is important factor
and the phonon dispersion relationship is usually approximated by a linear relationship (Debye
approximation).[32,33]In order to understand the nonlinear TR properties of the graphite thin
film and the metal interface, it may be necessary to take into account any specific interactions
between the metal electrode and graphite.There are several reports on specific interactions
regarding heat conduction at the contact interface between graphene and another solid.Abnormal
thermal conductivity has been measured between graphene and Cu[34], SiO,[35,
36],SiC[37],GaN[37], and BN [38] suggesting strong interaction at the interface.Such strong
interactions should affect the distance and contribute to the non-linear decrease of the thermal
boundary conductance value.

In general, vibrations are transmitted through a macroscopic system, and the subsequent
heat conduction is described by the Fourier law. However, phonons are known to ballistically
diffuse if the typical length of the system is shorter than the phonon mean free path. In the case
of crossovers where these lengths are comparable, there is quasi-ballistic phonon conduction
where there is ballistic and Fourier type phonon behavior.[39-41]Even in such a scenario, phonon
scattering inevitably occurs at an actual solid interface and influenced by the state of the contact
interface, so it is necessary to consider the heat conduction mechanism including the interface as
one system.However, the theoretical framework for the quasi-ballistic heat transfer mechanism in
the thickness direction of the graphite thin film has not been determined [42],and the Ry of less
than 1 pmthick was much smaller than the observed TR value. Therefore, it is difficult to discuss
the possibility of quasi-ballistic heat transfer mechanism from the measurement resultsdescribed
in this paper.

3-3.Bonding stateand the heat flow

Figure6(a) depicts the state of the contact between electrodes in the absence of a TIM.
Due to the surface irregularity, a low thermal conductive air layer (0.02 W-m *K ~')is present
between the electrodes. The Rinerface iNCreases because the heat flow (red arrows) is transmitted
only through the limited contact points.Fig.6(b) shows the bonding state when a grease is used.
The grease flows by pressure and fills the concave portion of the interface so that the air layer is
removed to complete  the surface contact and contribute to the low
RinterfaceCharacteristics.However, heat flow tends to concentrate at the points where the distance
between the electrodes is relatively narrow, resulting in uneven heat flow.A similar non-uniform
heat flow also occurs to some extent in composite type TIMs, which causes bleeding and pump
out phenomena.

Figure 6(c) shows the contact state of the graphite thin film sandwichedbetween the
electrodes. The distance between electrodes is larger than that in (b), but the thermal
conductivity in the thickness direction (7.6W-m™-K™) is larger than the grease (0.9W-m™*.K%)
and the value in the film direction is very high (1998W-m™.K™). Therefore, the heat flowing
from the high temperature side rapidly diffuses in the graphite film and flows out from the large
number of contacts on the film to the cooling electrode side, which indicates that the high
thermal conductivity in the film direction also contributes to the realization of low TR value. [43,
44]
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Fig.6.Contact state and heat flow mechanismbetween die and heat sink.
(a) Direct contact of electrodes(without TIM). (b) Silicon grease type TIM.
(c) Graphite thin film type TIM. (d) Grease coated graphite thin film type TIM.

Fig.6(d) shows the thermal bonding when grease is exists between the electrode and
graphite film.Although, the TRvalue is the same as that of grease alone, the heat concentration
can be avoided by high thermal conduction in the film direction.Thedurability is thus improved,
and thisproperty distinguishes this TIM from the conventional composite type TIMs.

3-4. Effect of electrode surface roughness

Although the graphite thin film TIM is extremely effective for an electrode with a small
surface roughness as used in measuring apparatus, the influence of the surface roughness is not
well understood. We prepared two kinds of copper electrodes (A, B) having different interfacial
roughness, and measured the TR of four graphite films (thickness: 5.0, 1.8, 0.96, 0.42um) and
grease coated graphite film(3.6um).

The measurement results were shown in Table 1.The error of the measured TRvaluesin
this experiment was +0.03 K-cm?W™. Results were summarized as follows. (1) The reducing
behavior of TR was greater in thinner graphite films. (2)The pressure dependence of TR was
small, and the low TR values have been achieved even with small loads.(3) Graphite thin films of
about 2.0 um thick (at least less than 1.8 um) were TIMs that can be used for electrodes with Ra
less than 0.2. (4) But these effects ((1), (2)) were small for the electrode B having a large surface
roughness. (5) On the other hand, greasecoated graphite TIM was hardly affected by electrode
roughness and had excellent TR characteristics for either two electrodes.

TABLE 1 Thermal resistance value of TIMs when electrodes with different surface roughness A
(Ra:0.20pm, Rz:2.60pm)and B (Ra:0.27um, Rz:3.36um) were used.

Electrode Graphite Thermal resistance (K-cm?W™?) Pressure
Thickness Dependency
(um) 10 N-cm™ 20 N-cm™ | 40 N.cm™ (10N/40N)
A Blank 0.54 0.41 0.31 1.74
5.0 0.40 0.33 0.25 1.60
1.8 0.20 0.18 0.15 1.33
0.95 0.16 *2 0.13 1.23
0.42 0.12 *2__ 0.10 1.20
*13.6 0.13 0.12 0.11 1.18
B Blank 0.44 0.37 0.26 1.69
5.0 0.40 0.32 0.26 1.54
1.8 0.30 *2 0.24 1.25
0.95 0.28 *2__ 0.23 1.22
0.42 0.21 *2__ 0.17 1.24
*13.6 0.14 0.12 0.11 1.27

*1Grease coated graphite film.

*2Not measured.
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3-5. Characteristic comparison with commercial TIMs

Four representative types of commercially available high-performance TIMs were
obtained, and their properties compared to those of the graphite film TIMs. Selections were, (a)
Silver paste type TIM (Akasa Corp.,AK-450-5G, thermal conductivity: 9.2 W-m™*K™), (b) Phase
change type TIM (Ainex Co. Ltd., HT-08A, 3.0 W-mK™), (c) Graphite filler composite type
TIM (Shinwa Sangyo Co. Ltd.,ICG30,35 W-m™K™), (d) Vertically oriented graphite composite
type TIM (Wide work Corp., WW-90VG,90 W-m™*K™?). These are all high performance TIMs that
show a low thermal resistance of less than 0.3 K-cm?W™* under a pressure of 10N-cm™in our
measurements

cln"\\' 2

(K -

] =

Thermal resistance

10 20 30
Load (N +*cm™)
Fig. 7. Pressure dependence of TR values of various TIMs.
@ :Graphite thin film (0.39um),O:Grease coated Graphite film (3.6 pm),
Bl : Silver paste, M : Phasechange type, B : Graphite composite type,
W : Vertically orientedgraphite composite type.

Figure 7 shows the pressure dependence of TR of these TIMs as compared to graphite
TIM (0.39 pm) and graphite film (3.6 pm) TIM coated with silicone grease. The choice of
commercial TIMs is random and this data does not imply that it is the highest quality of each
type of TIM, but the two graphiteTIMs showed better TR properties than either TIMs.
Furthermore, it was found that a graphite film of 0.39 um thick has a significantly low
TRdependence on pressure. The values at the pressure of 10 N-cm™ (0.076 K-cm?W™) and 40
N-cm™ (0.067 K-cm?W?) differ only by 1.13 times. For several layers of graphene, it is expected
that the TR will decrease by calculation using the Green function under large pressure [45],but it
is considered that the R ,,x value does not change under a small pressure like this measurement.
The small effect of pressure on the R jerface Can be considered to indicate that the graphite thin
film has already achieved a connection close to the surface contact.This dependence
demonstrates that the substantial pressurization (tightening) is not required to achieve low TR
characteristics and is a practically important characteristic.

3-6. Proposal of two types of TIMs

Here, we propose two types of TIMs. One is thegraphite film TIMof 0.2to 2pm thick,
which can be handled by hand or tweezers.[19]The graphite material has an excellent durability
and chemical stability, and the heat resistance of the film is 600 °C in air. Also, graphiteis used
as a solid lubricant and the film is flexible enough to accommodate thermal expansion of the
electrode, since the basal plane is oriented in the film surface direction.In fact, the Cu /Graphite
thin film/Cujunction was heated at 300 °Cfor 30 hours in air, but its TRvalue did not change at
all. This characteristic is extremely useful for TIM in high temperatureenvironments where grease
or polymers cannot be used like in the fine portions of a semiconductor chip, a power
semiconductor or an LED. The graphite thin film TIMcan be expected to be a new type of TIM
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that meeting the stringent requirements for heat dissipation in the electronics field.

The second is a three-layer type TIM in which grease or flexible polymer was applied to
both surfaces of the graphite film having a thickness of about 2 to 30um.This type of TIM not
only has excellent TRcharacteristics, but also uniformly transport the heat due to the high
thermal conductivity in the plane direction of the graphite film. Therefore, it is characterized in
that its durability is improved and "pump-out" and "bleed" phenomena are less likely to occur. It
is a high-performance TIM that improves the shortcomings of the conventional composite type
TIMs.

IV. CONCLUSION

Graphite thin film has excellent properties as a TIM. The Rjnierface Of graphite thin films
with 0.2 to 2 pm thick were very small resulting in TIM having excellent TR characteristics and
extremely high durability. The TIM can be used in a wide range of applications as a means of
effective heat dissipation.Graphite thin films of 2 to 30 um thick provided with a flexible layer
on the surface are a new structure TIM with improved TR characteristics and durability of the
conventional composite TIM.
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