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Abstract

Vertically Aligned Carbon Nanotube (CNT) Arrays are promising to use as advanced thermal
interface material. While possessing high thermal conductivity for an individual tube, carbon nanotube
array based thermal interface materials (TIMs) fell short of expectations due to poor CNTs-target
surface contacts. Investigations suggested that the overall resistance can be potentially reduced to less
than 1 m’-K/MW by increasing the number of tubes to target surface contacts. This paper use
chromium/gold/indium assisted thermal pressure-bonding to enhance contacts. A CNT array with
12.7% areal density was bonded to an experimental glass surface with 2-pum indium bonding layer and
10 nm-chromium/150 nm-gold adhesion layers under pressure of 196 KPa and temperature of 350 °C.
Phase sensitive photothermal reflectance method was used for thermal measurement. The overall
resistance, including CNTs-glass contact resistance and effective CNT array thermal resistance, is 1.1
m”*-K/MW + 27%. Although the contact resistance was reduced to 0.39 m*-K/MW =+ 15%, the effective
thermal conductivity of the post-bonded 80 um long CNTs was 114 W/m-K + 22%, which was lower
than the expected lower bound of the thermal conductivity of 12.7% filled CNT array. It was suggested
that the deformation of CNT array after mechanical bonding reduced its performance.

Introduction

Increase of electronic device performance
has been accompanied by increase of on chip
power density. However, inadequate power
dissipation, which results in increase of device
operating temperature, will shorten device life
time. Thermal Interface Materials (TIMs) are
used to reduce thermal resistance at
multiple-interfaces in the electronics. Two
essential requirements for TIMs are high
mechanical compliance to reduce contact
resistance and high cross-plane thermal
conductivity to ensure low volumetric resistance.
Traditionally, TIMs are made of silicone based
matrix loaded with high thermal conductivity

particles. The lowest achievable resistance with
such TIM is 2 m*-K/MW [1], while the chip heat
flux generated by high performance electronics
is higher than 1 MW/m” and will be increasing
more than 0.2 MW/m” annually [2]. Thus, TIM
with resistance lower than 1 m*K/MW is
needed.

Using CNT array bridging two mating
surfaces is promising to reduce the overall
resistance since it is compliant and was
measured to have high thermal conductivity
along axial direction for an individual CNT. The
thermal conductivity for a single-wall CNT and
a multiwall CNT are in the range of 2500-6600
W/m-K [3-6] and 2000-3000 W/m-K [7-8],
respectively. However, investigations showed
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that the overall resistance of CNT array based
TIM fell short of expectations due to poor
contacts between nanotube tips and target
surfaces. Using 1-D steady heating system, Xu et
al. [9] measured the overall resistance between
two copper bars sandwitched with a 7-um thick
CNT array. The minimum overall resistance was
found to be 19.8 m*-K/MW under pressure of
440 KPa. Hu et al. [10] first extracted the contact
resistance between CNTs and experimental
surface by 3-omega method and found that the
contact resistance dominated the overall
resistance. The room temperature thermal
conductivity of a 13-um thick CNT array was
measured to be 75 W/m-K. The contact
resistance was measured to be 15.5 m*-K/MW
under pressure of 100 KPa, which was 2 orders
of magnitude larger than the CNT array
volumetric resistance. Tong et al. [11] reduced
the contact resistance between a 7-um thick
CNT array and a glass surface by adding 1-um
thick indium film as bonding material. Using
phase sensitive thermal reflectance method, the
dry adhered contact resistance was measured to
be 11 m’-K/MW, while the indium assisted
contact resistance was reduced to 0.29
m’-K/MW.

In addition to the contact resistance, the
thermal conductivity and the volumetric heat
capacity of CNT array are also affected by the
tubes-target surface contacts [12]. Panzer et al.
[12] measured the effective thermal conductivity
of a 28-um thick, 12% filled CNT array to be 8
W/m-K by time domain thermal reflectance
technique. The effective thermal conductivity
was only 0.3% of the thermal conductivity of an
individual CNT (~2500 W/m-K). The effective
volumetric heat capacity of CNT array was also
measured to be around 0.3% of the volumetric
heat capacity. This was explained that the
intertube thermal transport was negligible, and
that the cross-plane thermal transport was
contributed only by those tubes thermally
contacted with target surfaces. Thus, the overall
resistance can be potentially reduced to less than
1 m’-K/MW by increasing the number of
tubes-target surface contacts.

The use of pressure with indium contacts
will most likely enhance the number of tubes
contacting to the target surface. In this paper, we
introduced a bonding technique with indium (In)
bonding layer and chromium (Cr)/gold (Au)
adhesion layer under pressure of 196 KPa and
temperature of 350°C to improve CNTs-target
surface contacts. By constructing a three layer
heat conduction model, we extracted the
CNTs-target surface contact resistance, effective

Fig. 1 (a) Cross-view SEM image of a vertically aligned
CNT array. (b) Plan-view SEM image of the catalyst
nanoparticles formed on substrate after CNTs growth.
The CNTs were burned off by oxygen plasma.

volumetric heat capacity and effective thermal
conductivity of the CNT array from phase
response measured by phase sensitive thermal
reflectance method. The bonding effect on the
thermal properties is discussed at the end.

Sample Preparation

The CNT array was grown on a silicon
substrate through water assisted thermal
chemical vapor deposition (CVD) process [13].
A 10 nm Aluminum Oxides (AL,O3) supporting
layer was sputtered on the silicon substrate,
followed by thermal evaporation of a 1 nm Iron
(Fe) catalyst layer. The gases introduced during
the thermal CVD process included argon,
ethylene, hydrogen and water vapor. The growth
temperature was 750°C. Figure 1(a) shows a
typical cross view of a vertically aligned CNT
Array.

The tube density of the CNT array was
determined from the SEM image. Figure 1(b)
shows the plane-view SEM image of the catalyst
nanoparticles formed on silicon substrate. The
CNT array was initially grown on the substrate
and burned off by oxygen plasma. The
amorphous carbon was also burned off and left
the bare nanoparticles on substrate. The
nanoparticles were confirmed to be iron catalyst
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Fig. 2 (a) Schematic figure of a CNT array bonded on Cr/Au-coated side of glass with 2 um indium as bonding layer
and 10 nm chromium / 150 nm gold as adhesion layer. (b) Cross view SEM image at the interface between indium and
Cr/Au-coated side of glass (c) Cross view SEM image of a CNT array after the bonding process. The silicon substrate
was peeled off from the CNT array after Flipchip bonding process. (d) Cross view SEM image at the interface between

indium and chromium/gold- deposited CNT array.

by returning the oxygen plasma etched substrate
to CVD process which had CNTs growth
afterwards. By counting all the nanoparticles in
the field of view of the SEM image, we
measured particles density to be 8 x 10"
particles/cm’. In figure 1(a), the diameter of the
tube was estimated to be 20 nm, which is close
to the diameter of the catalyst nanoparticles
shown in the SEM image of 1(b). The tubes
density was estimated to be 50% of the catalyst
density by peeling off the CNT array from the
silicon substrate and counting the ratio of CNTs
uprooted holes to amorphous coverage
nanoparticles on the silicon substrate in the field
of view of the SEM picture. The detail
measurement on catalyst activation rate and the
SEM picture of CNTs uprooted holes will be
reported in follow-up paper. With tube number
density and tube diameter, we estimated the areal
density of the CNT array on the substrate to be
12.7%, and thus the volume fraction of CNT
array is 12.7%.

Another piece of CNT array with same
growing condition was bonded to a 500 pum tick
glass used as target contact surface by flipchip

bonding technique shown in the schematic figure
2(a). The bonding pressure was 196 KPa, and it
was withholding for 10 minutes at temperature
of 350 °C. Cr (10nm)/Au (150nm) films were
sequentially sputtered on both CNT array surface
and glass surface as adhesion layer. A 2 um thick
indium was thermally evaporated on glass as
bonding layer. To simplify sample structure for
modeling, the silicon substrate was removed
from the CNT array after bonding. The
post-bonded CNT array was around 80 um long
measured under optical microscope. The indium
was melted and deformed during the bonding
process which has thickness about 2 pum after
solidified as shown in figure 2 (b). Figure 2 (c)
shows a typical cross view SEM image of a
post-bonded CNT array under the same bonding
process. The CNT array was deformed and
non-vertically aligned. The image of the
In-Cr/Au-coated CNTs interface (figure 2 (d))
indicates that the indium melted and filled
between tubes during the bonding process while
formed non-uniform micron-large clusters after
solidified. The bonding effect on the thermal
properties, including CNTs-glass surface contact
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resistance, effective volumetric heat capacity and
effective thermal conductivity of CNT array, is
verified in the following sections.

Measurement Principles

The frequency domain thermal reflectance
technique is completed by a modulated
continuous wave diode laser as heating source, a
low power He-Ne laser as probe beam, and a
photo diode to detect intensity change in the
reflected probe beam. The reflectance
modulation is due to temperature dependence of
refractive index. The experimental set up is
shown in figure 3 (a). A function generator sends
a modulation signal to the driver of pump laser.
The pump laser is a 3 W continuous wave diode
laser with nominal wave length 808 nm. In
figure 3 (b), the pump beam goes through glass
and absorbed at the Cr/Au layer coated on glass
with heating diameter to be 1 mm. By
periodically heating the sample, the temperature
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Fig. 3 Schematic (a) experimental Setup for Phase
Sensitive Thermal Reflectance Technique (b) sample
geometry and heat conduction model (c) diagram of
pump and probe beam as thermal waves.

at the Cr/Au surface is oscillating at modulation
frequency w. A low power (~5mW) He-Ne probe
laser with wave length 633 nm goes through
glass and concentrically aligned with pump
beam at the Cr/Au surface. Since pump and
probe beam are focused at the Cr/Au surface, the
Cr/Au layer are used as both reflectance
thermometry and absorption layer. The intensity
of the reflected probe beam oscillates at
frequency @ due to temperature dependence of
the refractive index. The band pass filter in front
of photodiode is used to filter out the pump
beam. The signal (amplitude and phase) of the
temperature oscillation is obtained by using
Lock-In Amplifier with the modulation signal as
reference.

In figure 3 (c), the intensities of pump and
probe beam represent the periodic input heat
source and oscillation of Cr/Au surface
temperature. The oscillation of the intensity of
reflected probe beam has a phase lag ¢ with
respect to the pump beam. This phase lag
depends only on the thermal properties of the
sample and modulation frequency.

Heat Conduction Model

The thermal properties are extracted from
the heat conduction model by using the model
phase fit to the experimental phase response. A
three layer heat conduction model is shown in
figure 3 (b). The Cr/Au coated glass, indium,
and the CNT array are the first, second and third
layer respectively, and z;, b; are the cross-plane
coordinate and effective thickness at the j layer.

A periodic heat source with power Q and
heating radius a is absorbed at z;=0. It is
assumed that no heat loss to the surrounding, and
no boundaries along in-plane (r) direction. The
three-layer heat conduction equation in
cylindrical coordinates and boundary conditions
are

&8Ti(r,z,t):n [E(raT/(r,z,t))_FazT/(r,z,t)

k, o " ror or oz,
. oT,
%e =k (R, )(T(0)-T,(0))
ma Z1 z,=0
oT. .
kziz =(R,.;) ](Tz(o)* 7,(0))
0z, -
oT. B oT.
kz 2 :(szj) ](TZ(O)*T}(O)): kj :
oz, z,=b, 0z; 23=0
o _, |,
%, %5 1.,, (1)
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Fig. 4 Experimental phase response for the two
measurements of the 80-um long CNT sample and the
model calculated phase versus modulation frequency.
The two measurements at different locations on the
sample were individually fitted by the model phase.

where 7, C, k; and n; are the temperature
distribution, effective volumetric heat capacity,
effective cross-plane thermal conductivity, and
thermal conductivity anisotropic ratio, of ;"
material respectively. R;, is the contact
resistance between indium and Au-coated side of
glass and R,_;is the contact resistance between
CNT array and indium.

The fixed parameters include properties (C,
k, b, and n) of glass and indium, the effective
thickness of CNT array (b;), and the contact
resistance between Au coated side glass and
indium (R;;). Since the indium film was
thermally evaporated on the Au-coated side of
glass surface, the as-deposited metal-metal

contact resistance is of order of 1 m*-K/GW [14].

The fitting parameters are R,3, k3, n;, and Cj.
The effective volumetric heat capacity of CNT
array, Cs, is expressed as

C; = Coyr X Penr % /¢ Ceffecitve 2

where the heat capacity of an individual CNT,
Cenr, 1s 660 J/kg-K [15], and the density of an
individual CNT, peyr, is 1330 kg/m® [13]. The
effective volume fraction of the CNT array
contributing to the heat capacity, fcepecive, 1S
related to the number of tubes thermally contact
with the target surface, which is difficult to
determined by direct observation. Using Integral
Transform method [11], the temperature
distribution at the Cr/Au-coated glass surface is
numerically solved as a complex number, and its
phase is the polar angle of the complex numbers.
The best fit solutions to the experimental phase
response are solved through least square
multi-parameter searching process.

Results and Discussions

Figure 4 shows two experimental phase
responses measured at different location on the
sample along with their least square best-fit
solutions versus modulation frequency. The
phase response varies with modulation
frequency from 100 Hz to 20000 Hz. The best fit
solutions with uncertainties of the fitting
parameters from the two measurements and their
averaged results are listed in table 1. The
uncertainty of each fitting parameter is the
percentage of variation around its best fit value
allowed by the measurement error represented
by the error bars in Fig,. 4.

The averaged best fit value in table 1 shows
that the effective volumetric heat capacity is
110.6 KJ/m*-K, which has an effective volume
fraction (f¢, gfecive) » 12.6%, if the heat capacity of

Table 1 Best-fit values with uncertainties of indium-CNT array contact resistance Rz,
effective CNT array cross-plane thermal conductivity ks, effective CNT array volumetric
heat capacity Cs and CNT array anisotropic ratio n; from the two measurements of the

80 um long CNT array sample.

Point 1 Point 2 Average
Ry; 0.31+13% 0.48 + 16% 0.39 +15%
(m*-K/MW)
ks 125 +20% 103 +23% 114 +22%
(W/m-K)
C; 111.5 + 10% 109.7+11%  110.6 + 11%
(kJ/m*-K)
n; <0.1 <0.1 <0.1
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an individual CNT is 660 J/kg-K [15] and the
density of an individual CNT is 1330 kg/m® [13].
The effective volume fraction is close to the true
volume fraction of CNT array and much larger
than the effective volume fraction (~0.3%) of the
10% filled 160nm-Aluminum/20nm-Palladium
-deposited CNT array [12]. This suggests that
the bonding improved the tubes-target surface
contacts.

Assume that the intertube coupling is
negligible if the spacing between tubes was
greater than 1.3 nm [16], the effective volume
fraction contributing to the conduction and
contact resistance (fz eecive) 1S the same as the
effective volume fraction contributing to the
volumetric heat capacity of CNT array [12].

f}?,e[/éctive:fce_‘[/'ectivez 12.6% (3)

Since the best fit averaged indium-CNT array
contact resistance, R,.;, is measured to be 0.39
m?*-K/MW, the indium-individual CNT contact
resistance is 49 m*-K/GW by scaling a factor of
12.6%. A femto-second pump probe system
measured the Cr-Graphite contact resistance to
be around 20 m*-K/GW (internal discussion with
Pamela M. Norris group, Department of
Mechanical and Aerospace Engineering,
University of Virginia). The Cr-individual
CNT contact resistance can be estimated to be 20
m>K/GW since an individual CNT has a
qusi-2D surface area. The Cr-Au contact
resistance is estimated to be about 1 m*K/GW
by using the contact resistance of flat
metal-metal surface [14], then the In-Au contact
resistance is 28 m’-K/GW since the Cr-CNT,
Cr-Au, and In-Au contact resistances are
in-series. The In-Au contact resistance is an
order of magnitude larger than the usual flat
metal-metal contacts [14], which shows that the
wetting of In to Cr/Au coated tube is not good.
Table 1 shows that the thermal conductivity
anisotropic ratio (n3) has a upper bound of 0.1,
and the averaged effective thermal conductivity
of CNT array, 114 W/m-K, was 4.6% of the
thermal conductivity of an individual multiwall
CNT (~2500 W/m-K). This is lower than the
expected effective fraction (12.6%) contributing
to the conduction. It can be explained by the
deformation of the OCNT arrays during
mechanical bonding. The non-vertically aligned
and deformed CNT array forms multiple CNT
junctions connected by vander waals force
within CNT film. Such weak bonding at the
junctions creates large contact resistance (> 0.1
m*-K/MW) [16] which reduced the performance
of cross-plane thermal transport. The thermal

resistance of the 80 um thick CNT array is 0.7
m”-K/MW, and the overall resistance, including
In-CNT array contact resistance and the thermal

resistance of CNT array, is around 1.1
m>-K/MW.

Conclusions

In this work, we studied the thermal
properties of CNT array after In-assisted
bonding process. The CNT array was attached to
a glass surface with 1-um indium as bonding
layer and 10-nm Chromium/ 150-nm gold as
adhesion layer under pressure of 196 KPa and
temperature of 350°C. The CNT array was
deformed and the indium layer formed to
micron-large clusters within CNT array. Phase
sensitive thermal reflectance technique was used
for thermal properties measurement. Results
showed that the effective volume fraction
contributing to the thermal transport (12.6%) is
close to the true volume fraction of CNT array.
This suggests that the bonding improved the
tubes-target surface contacts. With improved
contact at the interface, the overall thermal
resistance reaches 1.1 m*K/MW. The thermal
conductivity of the CNT array was measured to
be 114 W/m-K, which was only 4.6% of the
thermal conductivity of an individual multiwall
CNT. This could be due to the degradation of
thermal transport from the deformed CNT array.
Therefore, preserving the vertically aligned
structure of CNT arrays during the bonding
process is important to further improve the
thermal performance of the CNT array based
TIMs.

Nomenclature

a  radius of heating laser spot, m
b thickness, m

C  heat capacity, J/kg-K

C, volumetric heat capacity, kJ/m*-K

f.  area fraction

f, volume fraction

k  thermal conductivity, W/m-K

QO  absorbed power, W

R interface thermal resistance, m*-K/MW
r  radial coordinate, m

T  temperature distribution function, K
t time, s

z  cross-plane coordinate, m

¢ phase lag, degree

p  density, kg/m’

w  modulation frequency, Hz
Subscripts
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1 glass layer

2 indium layer

3 CNT array layer
j  j" material
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