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Abstract— Vertically aligned carbon nanotube (CNT) arrays
can offer an attractive combination of high thermal conductance
and mechanical compliance for thermal interface applications.
These arrays require a reliable, thermally conductive bonding
technique to enable integration into devices. This paper exam-
ines the use of a reactive metal bonding layer to attach and
transfer CNT arrays to metal-coated substrates, and the thermal
performance is compared with CNT arrays bonded with indium
solder. Infrared microscopy is used to simultaneously measure
the intrinsic thermal conductivity of the CNT array and the
thermal boundary resistance of both the bonded and growth
CNT interfaces over a range of applied compressive stresses.
A coarse-grained molecular simulation is used to model the
effects of compressive pressure on the CNT array thermal con-
ductivity. Reactive metal bonding reduces the thermal boundary
resistance to as low as 27 mm? - K. W_l, which is more than an
order of magnitude less than the nonbonded contact.

Index Terms— Carbon nanotubes (CNTs), infrared (IR)
microscopy, reactive metal bonding, thermal interface
material (TIM).

I. INTRODUCTION

HERMAL interface materials (TIMs) require a com-

bination of high thermal conductance and mechanical
compliance for efficient heat transfer and long operating
lifetimes. Vertically aligned carbon nanotube (CNT) arrays
have received considerable attention for thermal applications
due to the high axial thermal conductivity of individual
CNTs, which has been measured to be as high as
1003500 W-m~!.K~! [1]-[7]. The constituent CNTs are
nominally vertically aligned to provide a low resistance
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thermal pathway across the array, while the low transverse
elastic modulus [8]-[10] enables the TIM to alleviate thermo-
mechanical stresses. These stresses often arise in the presence
of temperature gradients across materials with dissimilar coef-
ficients of thermal expansion, which can lead to degradation
and failure of the interface. Thermal conductivity and mechan-
ical compliance are critical to both the performance and the
reliability of TIMs for electronics packaging applications, such
as in die attachment to heat spreaders and in thermoelectric
generators used in waste heat recovery.

There has been extensive work in the last decade
focused on improving the intrinsic thermal conductiv-
ity of vertically aligned CNT arrays, which ranges from
~1071 to 10> W-m~! - K~! [7], [11]-[15]. The effective ther-
mal conductivity of CNT arrays is governed by the CNT
volume fraction, chirality, length, defects, morphology, and
CNT-CNT interactions; these properties may be tuned
through the CNT growth conditions and postgrowth treat-
ments [7], [13], [16]-[27]. As the intrinsic thermal conduc-
tivity of bulk CNT arrays improves, the boundary resistance
between the CNT array and the adjacent surface becomes
the limiting resistance to heat transfer [11], [12], [28]-[30].
It is challenging to grow CNT TIMs directly on device
surfaces since the high-required growth temperature damages
many sensitive electronic components. Using an independent
bonding step, a CNT array can be grown using a conventional
synthesis technique on a sacrificial substrate and later trans-
ferred to the device. This decouples the optimization of the
CNT array growth from the development of efficient bonding
techniques.

The thermal boundary resistance at the interface between
the base of the CNT array and the growth substrate is
often significantly different than at the interface between
the tips of the CNTs and the substrate to which the array
is bonded. Several experimental techniques have been used
to measure the thermal properties of CNT arrays, including
thermoreflectance [11], [12], photoacoustic [31], [32], and
steady state [14], [16], [28], [30], [33], [34] methods. Bonding
has been shown to improve the adhesion of the CNTs to
the target substrate and to reduce the tip interface resistance
by more than an order of magnitude, which is likely due to
the increasing number of engaged CNTs that participate in
conduction across the interface. Previous bonding techniques,
include metallic [12], [30], [32], [35], anodic [28], and ther-
mocompressive [30], [31], [33], [36] bonding.

In this paper, CNT arrays are bonded using a commercially
available reactive metal film that can be processed at low
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temperatures but provides a short pulse of localized high
temperature to form the bond. Here, reactive metal bonding
is compared to indium solder bonding, which is a standard
technique used in electronics packaging applications [37].
Comparative infrared (IR) thermometry is used to simul-
taneously and independently measure the intrinsic thermal
conductivity and surrounding thermal interface resistances for
CNT arrays bonded to metal-coated substrates. The thermal
properties are measured over a range of applied compressive
pressures to investigate the pressure dependence of CNT
thermal properties and to verify the stability of the bond.

II. SAMPLE PREPARATION

Vertically aligned multiwall CNT arrays (Nanostructured
and Amorphous Materials, Inc.) are first are grown by chem-
ical vapor deposition to a thickness of 500 um on silicon
substrates. The CNT number density is 10'°-10'! CNT/cm?,
and the individual tubes have an inner diameter of
5-8 nm and an outer diameter of 7-10 nm. These arrays
are coated with an adhesion layer, diffusion barrier, and
active bonding surface (50-nm Cr, 20-nm Ni, and 150-nm Au,
respectively) using electron beam evaporation. The metalliza-
tion of the surfaces facilitates thermally conductive metallic
bonding, while preserving the mechanical compliance of the
CNT film.

The CNT arrays are bonded to metal-coated substrates using
two methods. The first utilizes a nanostructured reactive metal
foil (Nanofoil [38]) as a bonding layer between the metal-
coated CNT array and the target substrate, as shown in Fig. 1.
This commercially available reactive metal foil contains a
20-um-thick multilayered core comprised of many thin,
periodic Al/Ni bilayers that is plated with 10-um Sn. The
reaction is initiated using a pulsed electrical current, which
causes the Al/Ni layers to react and exothermically alloy into
Al 5Nig 5. This releases heat and welds the Sn to the adjacent
Au surface. The reaction proceeds over a few milliseconds,
during which the temperature at the bonding interface can
reach 1500 °C [38]. Despite the high energy density at the
point of reaction, the total energy released during bonding
is low (~1 kJ/g), and this prevents an excessive temperature
rise at the device layer of the chip. This temperature rise is
estimated to be under 100 °C using a previously developed
analysis for thermoreflectance characterization [17], [39], [40]
and modeling this situation as a heat pulse generated at the
interface between a silicon substrate and a semiinfinite copper
heat sink.

The reactive metal bonding layer is first placed between
the metal-coated CNT surface and a fused silica substrate
that is coated with the same metals as the CNT array. The
thermal boundary resistance is then measured at the interface
prior to bonding. Without removing the sample from the
measurement apparatus, the reactive metal is ignited after
applying ~250 kPa compressive pressure to ensure good
contact between the Au surfaces and the Sn-plating. This
in situ bonding process minimizes the uncertainty that would
be inherently introduced by variations in sample preparation
and contact conditions caused by reassembling the TIM in the
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Fig. 1. Schematic of the reactive metal bonding process. (a) Vertically aligned
CNT array is grown via chemical vapor deposition onto a silicon substrate.
(b) Coated with metal using electron beam evaporation. (c) Bonding layer
(reactive metal or indium foil) is placed between the CNT array and a metal-
coated target substrate. (d) Bonding is performed under compression. (¢) CNT
array can then be released from the growth substrate. The SEM shows the
substrate-bonding layer-CNT structure after bonding.

experimental setup after bonding [28]. The thermal boundary
resistance is measured again after bonding to isolate the effect
of bonding on thermal interface resistance.

This technique is promising as a simple, scalable process
for bonding CNT-based TIMs and other nanostructured films.
Unlike many common eutectic metals (e.g., In, Pb, and Ag),
the materials that constitute the reactive metal layer are inex-
pensive, abundant, and nontoxic. Due to the high temperature
of the reaction, reactive metal can also be used for brazing or
other processes requiring local high temperatures.

The thermal boundary resistance of a reactive metal bond
is compared with a second bonding technique which uses
indium solder as the bonding layer. Indium is a common
bonding material used in electronics packaging applications,
and it adheres well to Au-plated surfaces with the aid of solder
flux [37]. In this paper, 25-um-thick indium foil (Indium Co.)
is cleaned with acetone and deionized water and coated with
a thin layer of solder flux (Indium Co., Flux 5R). The foil is
then placed between the CNT array and a gold-coated fused
silica substrate and the entire stack is heated on a hot plate
set to 180 °C. While a thinner layer of indium would further
reduce the interface resistance, Tong et al. [12] found that a
1-um-thick layer did not provide complete and uniform con-
tact between the rough CNT surface and the target substrate.
In this paper, compressive pressure (~250 kPa) is applied
to ensure good contact and wetting of the indium to the
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Fig. 2.
morphology and (b) corresponding CNT array on a silicon growth substrate.
(c) Higher magnification image showing the interface of a CNT array bonded
using indium foil and (d) reactive metal.

(a) SEM image of vertically aligned CNTs highlighting the

gold surfaces. The scanning electron microscopy (SEM)
images of the metal-coated CNT array and the bonded inter-
faces are shown in Fig. 2.

ITI. THERMAL CHARACTERIZATION
A. Cross-Sectional Infrared Thermometry

Comparative IR microscopy is used to simultaneously
measure the intrinsic thermal conductivity of the CNT
array (kcnt) and the thermal interface resistance on each
side of the CNT array (R; ). The sample is placed in ther-
mal series between two reference layers having the same
cross-sectional area (fused silica with thermal conductivity
ket = 1.4 W-m~! . K1), and the entire stack is compressed
between a heat source and a heat sink (Fig. 3). The surface of
the sample stack is spray-coated with a thin layer of graphite
(Sprayon Products, LU204) to provide a uniform emissivity
close to unity. The emissivity of the IR image is then calibrated
by raising the temperature of the sample stack at both ends
of the field of view to 70 °C as measured by thermocouples.
Using this independently measured temperature and a known
isothermal field of view, an emissivity map is generated that
is used to correlate the measured radiance at each pixel to the
temperature. The IR microscope (quantum focus instruments)
is then used to generate a high resolution (spatial resolution
of 5-um/pixel), 2-D temperature map (temperature resolution
of ~0.1 K) of the surface.

A steady heat flux is then applied to the sample stack
that is approximately 1-D. Pressure is measured during the
measurement using a load cell (Omega LCMKD-10N) that is
affixed in series with the micrometer actuator used to control
the compressive strain of the stack. The 2-D temperature field
perpendicular to the conduction heat flux vector is reduced
to a 1-D temperature profile by averaging the temperature
in each cross section (Fig. 3). A least squares linear fit is
applied to the temperature profile in each layer to compute
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Fig. 3.  Schematic, temperature map, and temperature profile used in a
comparative IR microscopy measurement. The sample stack is placed between
a heat source and a heat sink and the resulting temperature map is imaged
along the direction of heat propagation. A 1-D temperature profile is extracted
by averaging the temperature in each cross section.

the corresponding temperature gradients. The temperature in
each layer is governed by Fourier’s law
" tiT}

q° = —k; I ey
where ¢” is the heat flux, k; is the thermal conductivity,
and dT;/dx is the temperature gradient in the i™ layer. The
simultaneous measurement of the heat flux through the hot-
and cold-side reference layers provides an upper and lower
bound, respectively, for the conduction heat flux through the
CNT array. The difference between these two heat flux values
quantifies the heat dissipated by convection and radiation from
the surface of the stack, which is found to be <10% for all
measurements.
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Fig. 4. (a) Extraction of temperature gradients and (b) interfacial temperature
drops using the temperature profile measured by IR microscopy. By comparing
these measured values to the imposed heat flux, a linear regression is used to
extract (c) thermal conductivity and (d) thermal interface resistance.

The thermal conductivity of the CNT array is calculated by
equating the heat flux given by Eq. (1) in each layer

X dT

CNT _ dx ref (2)
ket L]

re dx |ICNT

The interfacial temperature drop is measured at both the
growth and tip interfaces of the CNT film. This measurement
provides a platform for isolating and optimizing the bond-
ing procedure by decoupling the contribution of the thermal
boundary resistances R;, from the volumetric resistance of the
bulk CNT array. At each interface, R;, is computed using the
interfacial temperature drop A T and the heat flux conducting

through the stack
ATint

dT
Kref dx Iref

R//

int —

(3)
The subscript of R{ is used to indicate the nature of the spe-
cific interface being measured, such as the interface between
the base of the CNTs and the growth substrate (R/g’rowth) and
the interface between the tips of the CNTs and the adjacent
substrate before (Rt’i/p) and after bonding with indium (Rt/i/p,ln)
or reactive metal (Rt’i’p,RM).

Interfacial temperature drops are measured by extrapolating
the linear fits in adjacent layers to the exact location of
the interface. This becomes challenging as R;| becomes
small since ATiy is reduced to a value comparable with the
signal noise, which is the case for both indium- and reactive
metal-bonded interfaces. As a result, the linear regression in
both layers adjacent to the interface can be extrapolated to
provide upper and lower bounds for the estimated interfacial
temperature difference [Fig. 4(a) and (b)].

The uncertainty in Ri’ét for bonded interfaces, includes
appreciable contributions from both the interfacial temperature
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difference A Tin; and the heat flux. The uncertainty in A Tiy; can
be as large as £0.5 °C for the highest heat flux measurements.
For interfaces with high thermal resistance (e.g., Rgrowth,
Ry,). the uncertainty in ATjn is found to be negligibly small
compared with the uncertainty in the heat flux. To improve the
accuracy of this analysis, data are taken over a range of applied
heat flux values. The heat flux is then compared with the
temperature gradient in the CNT layer and to A Tiy to calculate
kent and R], respectively, as shown in Fig. 4(c) and (d).
Each data point is typically averaged over a minimum of
six measurements per pressure (each measurement having a
different heat flux). The uncertainty in the measured heat
flux is predominately due to losses between the hot- and the
cold-side reference layers caused by convection and radia-
tion. Additional uncertainty is introduced by variation in the
experimental setup, such as misalignment of the layers, sample
variation, and a reduced sensitivity of the IR signal at lower

temperatures due to reduced emission.

B. Simulation of Compressed Carbon Nanotube Arrays

Won et al. [9] developed a coarse-grained molecular sim-
ulation tool to predict the mechanical properties of verti-
cally aligned CNT films using the actual array morphology
obtained through image analysis. In this coarse-grained model,
each nanotube is represented by a set of nodes connected
by many short, elastic nanotube segments, which behave as
Euler-Bernoulli beams. The simulation results are consis-
tent with previous experimental measurements of the elastic
modulus of CNT arrays using resonators and nanoindenta-
tion [8], [10], [41]. In addition to accurately predicting the
elastic modulus of CNT films, the simulation also defines
the energetically relaxed 3-D morphology of the CNT net-
work. These relaxed structures better describe the experi-
mentally observed CNT array morphologies, which include
self-organized bundles and entangled nanotubes.

This geometry is then used to predict thermal transport
across the array, including axial CNT conduction as well as
CNT-CNT thermal contact resistances. A temperature differ-
ence between the top and bottom surfaces (along the axial
direction of the CNTs) is imposed to generate a planar heat
flux boundary condition. Then, the temperature of each node
is calculated for the 3-D network based on the structural
information, which assumes a constant thermal conductance of
1.2x 107 K-W~! along each segment and a constant thermal
conductance of 1.0 x 107% K- W~ between nodes in contact
between adjacent nanotubes. The heat flux and corresponding
average surface temperatures are computed, and the thermal
conductivity of the CNT network is then calculated using (1).

IV. RESULTS

The thermal properties of the CNT arrays and their adja-
cent interfaces are first characterized prior to bonding as a
baseline for assessing the effectiveness of different bonding
techniques. Both kcnt and R{ vary with compression due
to the pressure-dependent degree of CNT engagement at the
interface. Two distinct regions are identified in the measured
pressure dependence of kcnt. Below ~300 kPa, increasing
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Fig. 5. (a) Thermal conductivity and (b) thermal interface resistance of a
nonbonded CNT array in contact with an adjacent metal-coated substrate. Data
indicated by circles were obtained experimentally using IR microscopy while
data indicated by squares were obtained via the coarse-grained simulation.
Each simulation data point is constructed from a compressed CNT unit cell
representing a small volume of one possible strained CNT array configuration.

pressure engages more individual CNTs in conduction, which
likely causes kcnT to increase and Rgp to decrease. While
the surface planarity of the CNT array varies by <1%, only
a fraction of the constituent CNTs engage the surface under
low compression due to the complex CNT tip morphology
that gives rise to a crust layer in the top region of the
array [8], [10]. Above ~300 kPa, kcnt remains constant,
which could correspond to the point when all of the accessible
CNTs are engaged. The predicted thermal conductivity values
agree well with the experimental results shown in Fig. 5
and exhibit an increasing trend with increasing pressure.
In addition, Rgp continues to decrease with pressure as there
may be more thermal contact area between the CNTs and the
adjacent substrate as the CNTs flatten against the opposing
surface [29]. The weak engagement between the nonbonded
tips of the CNTs and the adjacent surface creates a large
thermal resistance across the interface.

Reactive metal bonding significantly reduces the interfa-
cial thermal resistance and corresponding temperature drop.
Fig. 6(a) shows the sharp temperature drop at the CNT tip
interface before bonding compared with the temperature drop
after reactive metal bonding under constant heat flux condi-
tions. The data recorded prior to bonding includes the unre-
acted reactive metal layer at the tip interface. Indium bonding
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Fig. 6. (a) Comparison of CNT tip interface temperature drop across a
reactive metal bonding layer before and after in situ bonding. (b) Thermal
boundary resistances for reactive metal bonding and indium solder bonding
as a function of applied compressive pressure. The pressure independence of
the thermal interface resistance is indicative of good mechanical adhesion.
Error bars: spread in data across different measurements.

similarly yields more than an order of magnitude reduction
in R{i’p. Fig. 6(b) shows that while the nonbonded inter-
face exhibits decreasing thermal resistance with pressure,
both reactive metal and indium bonding layers exhibit a
pressure-independent thermal resistance, which is characteris-
tic of a high-quality metallic bond since the bonding process
should inherently engage the maximum number of CNTs.
The indium and reactive metal layers are thin and have high
thermal conductivity (kj, = 80 W-m~ Kl and kg =
40 W-m~!.K~! [38]) and do not contribute significantly to
the total thermal resistance of the interface. The quality of the
bond depends primarily on the degree to which the indium and
Sn-plating on the reactive metal wet and adhere to the rough
surface of the CNT array and the adjacent substrate. Voids in
both the indium and the Sn layers are observed to be present
in low concentrations via SEM images after bonding, and
this additionally contributes to the measured thermal interface
resistance. For the interface bonded with indium, R;i/p,In is
measured to be 38 + 8 mm?-K-W~!, while the interface
bonded with reactive metal is measured to be Rt/i/p,RM =34+7
mm?-K-W~! over the range of applied pressures (Table
I). Each bonding method produces a substantially reduced
thermal interface resistance compared to both the nonbonded
interface and the growth interface.

Both indium bonding and reactive metal bonding provide
mechanical adhesion of the CNT array to the bonded substrate.
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TABLE I
THERMAL INTERFACE RESISTANCES BETWEEN CNTS AND SUBSTRATES

Symbol  Interface Configuration R [mm* K- W]
"tip Unbonded contact 500-1500
R growtn Growth interface 130-185
R"ip1n Indium bonding 30-47
R"p.rm Reactive metal bonding 27-41
(@) | Growth Interface
1

Bonded Interface

---Growth Substrate

---Transferred CNTs

Fig. 7. (a) Side view of a CNT array bonded to a fused silica substrate prior
to removing the growth substrate. (b) Top view of the detached CNTs and
clean growth silicon substrate after completing the transfer process.

The growth substrate can be released from the bonded CNT
array due to the weak adhesion at the growth interface,
completing the transfer process, as shown in Fig. 7. The full
implementation of a CNT array as a TIM requires a second
bonding step, where the newly exposed CNT surface
(previously the growth interface) is metal-coated and the
bonding process is repeated with a second substrate. The final
TIM structure consists of a CNT array with metallic bonds
on both sides between two different substrates. These bonds
can be reworked similar to conventional eutectic bonding by
heating beyond the melting point of the bonding layer and
removing the TIM. For the reactive metal bond, the Aly 5Nig 5
layer remains solid at high temperatures but can be removed
after melting the adjacent Sn layer.

The performance may be improved and the working tem-
perature range expanded by replacing the Sn layer with a
higher melting point metal. Bonding processes that do not
require solders, such as welding and brazing, could take
advantage of the local high temperatures available by reactive
metal reactions to provide this extended temperature range.
These results demonstrate that metallic bonding with indium or
reactive metal can form a thermally conductive bond between
a CNT array and a substrate for TIM applications.

V. CONCLUSION

Reactive metal films enable the use of high-temperature
bonding processes without exposing sensitive devices to high
processing temperatures. In this paper, the reactive metal
layer provides the high temperature, localized heat source
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to form Sn-Au bonds between metal-coated CNT arrays and
substrates. Both indium and reactive metal bonding reduce the
interfacial resistance by more than an order of magnitude and
the bonded interfaces are independent of the applied pressure
after bonding. Subsequent efforts should attempt to utilize
the high temperatures provided by reactive metal films to
braze and/or weld CNT films to metal-coated substrates, which
would significantly extend the operating temperature range
of CNT-based TIMs. Additional analysis techniques should
be employed to better assess the morphological features of
the metallic bond itself, such as the quantity and dispersity
of voids present in the bonding layer and the morphological
effects of thermal cycling and reworking on both the CNT
array and the CNT-metal interface. Further improvements in
bond quality may be realized through optimization of the
exact bonding conditions, such as flux selection to minimize
void formation or bonding in an inert atmosphere to mitigate
undesired oxidation effects.
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