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Multiwalled carbon nanotube (MWCNT) arrays have been directly synthesized from

templated Fe2O3 nanoparticles on the C-face of 4H-SiC substrates by microwave plasma

chemical vapor deposition (MPCVD), and the room-temperature thermal resistances of

SiC-MWCNT-Ag interfaces at 69–345 kPa as well as the thermal resistances of SiC-

MWCNT-Ag interfaces up to 250�C (at 69 kPa) have been measured using a photoacoustic

technique. The SiC-MWCNT-Ag interfaces with MWCNTs grown on the C-face of SiC

achieved thermal resistances less than 10 mm2 K/W, which is lower than the resistances of

MWCNT interfaces grown using the same catalysis and growth methods on the Si-face of

SiC and Ti-coated SiC. The thermal resistances of the SiC-MWCNT-Ag interfaces exhibit

weak temperature dependence in the measured range, indicating that the interfaces are

suitable for high-temperature power electronics applications.

KEY WORDS: carbon nanotube, thermal interface resistance, silicon carbide, high-

temperature, photoacoustic

INTRODUCTION

Silicon carbide (SiC) electronic devices have developed such that commercial
products are now available. SiC is preferred in high-temperature, high-power, and
high-frequency applications because its combination of physical properties enables it
to outperform Si under harsh conditions. Under such challenging operating condi-
tions, efficient heat flow through the interface from the die to the heat sink or spreader
is paramount, and this study considers the use of carbon nanotube arrays to serve this
thermal interface function both at room temperature and near the elevated tempera-
tures anticipated in practical applications. The possibility of achieving a gradient
carbon morphology from the SiC/C-face to the C-C lattice is of particular interest
and could enhance interfacial heat conduction.
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Despite the ability of SiC power devices to operate at elevated temperatures as
compared to Si devices, thermal issues remain paramount to their performance. In
short, excessive thermal loading of a device diminishes the ability to carry current and
may lead to catastrophic failure. When defects are present, breakdown of a device is
often accelerated. Recent published results examining how SiC Schottky Barrier
diodes (SBD) are influenced by defects have demonstrated that forward and reverse
characteristics are sensitive to essentially any defect within the active region of the
device [1–4]. Defects that are known to degrade diode characteristics include micro-
pipes, comets, carrots, inclusions, small-angle boundaries, and screw dislocations.

Particularly relevant to high-temperature environments is the bandgap energy of
SiC. At room temperature, the bandgap of 4H-SiC (the most attractive SiC polytype
for electronic devices) is 3.23 eV [5], compared to a 1.1 eV bandgap for Si. Most
practical electronic devices are extrinsically doped (i.e., contain controlled levels of
foreign atoms to impart specific electrical characteristics) in the range of 1013 to 1019

cm�3. Charge carriers in electronic devices can also be generated intrinsically by
thermal excitation of electrons from the valence band to the conduction band across
the energy bandgap. The intrinsic concentration of carriers (ni) is given by [6]:

ni ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNcNvÞ

p
exp

�Eg

2kBT

� �
; ð1Þ

where Eg is the energy gap and NC and NV are the effective density of states at the
conduction and valence band edge, respectively. It is evident from Eq. (1) that a
threefold increase in the bandgap energy achieved using SiC electronics as compared
to Si yields an intrinsic carrier concentration for SiC that is orders of magnitude lower
than that for Si. As a result, it is possible to operate SiC devices at temperatures as high
as 500–600�C, while Si is generally limited to 125�C.

While the foregoing discussion highlights the advantage of SiC over Si for high-
temperature applications, it is still important tomaintain the coolest operating conditions
possible. The electrical conductivity in SiC depends not only on the quantity of charge
carriers but also on the mobility of carriers. As temperature increases, phonon scattering
of carriers increases and, in turn, increases the resistance to current flow. Device perfor-
mance suffers as a consequence, and therefore it is essential to efficiently remove gener-
ated heat away from the active regions of SiC devices. Further, while high-temperature
operation is an appealing attribute of wide bandgap devices, theymust operate reliably in
extreme thermal environments and often with simplified, less efficient cooling

NOMENCLATURE

Eg energy gap, J
h Planck constant, J�s
kB Boltzmann constant, J/K
Nc density of states at the conduction

band edge, cm�3

Nv density of states at the valence band
edge, cm�3

ni intrinsic concentration of carriers,
cm�3

T temperature, K

Greek Symbols

l characteristic phonon wave length, m
u sound velocity, m/s
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technologies. The opportunity to reduce interfacial thermal inefficiencies through the use
of CNT arrays considered herein would substantially enhance their reliability and utility.

Previous studies [7–16] have demonstrated that multiwalled carbon nanotube
(MWCNT) arrays grown on one side of an interface can achieve room-temperature
thermal resistances as low as 7–25 mm2 K/W, depending on the method of fabrication
and array morphology. Using transient optical techniques,Wang et al. [11], Cola et al.
[13], and Tong et al. [14] revealed that the interfaces between MWCNTs and their
growth substrate and the interfaces established at the free ends of MWCNTs can be
significant thermal bottlenecks in MWCNT array interfaces. Therefore, to promote
good thermal contact at the MWCNT-growth substrate interface, adhesion layers
(e.g., Ti, Mo, or Cr) are often deposited on the substrates beforeMWCNT fabrication
[9–15]. Additionally, Tong et al. [14] demonstrated that the resistance at theMWCNT
free ends’ interface, which was an order of magnitude higher than the resistance at the
MWCNT-growth substrate interface, can be reduced up to an order of magnitude by
using a thin layer of indium to weld the MWCNT ends to the opposing substrate.

In this article, the use of MWCNTs as a thermal interface to SiC is explored.
Synthesis of MWCNTs with good substrate adhesion was attempted on the Si-face
and the C-face of 4H-SiC substrates by amicrowave plasma chemical vapor deposition
(MPCVD) technique. Once fabricated, the thermal resistances of SiC-MWCNT-Ag
interfaces were measured under different pressures and temperatures. The results are
compared to those for MWCNT interfaces synthesized on Ti-coated SiC substrates in
this study, previous results for MWCNT interfaces on Ti-coated Si substrates [15, 16]
and metal foils [17], and other existing thermal interface materials.

EXPERIMENTAL METHODS

Sample Fabrication

An inter-dendritic catalyst templating scheme involving Fe3þ ions and an amine-
terminated fourth-generation poly(amidoamine) (PAMAM) dendrimer (hereinafter
referred to as G4-NH2) [18] was used to deliver isolated Fe2O3 nanoparticles to the
C-face and SiO2(native)/Si-face of 4H-SiC substrates and to Ti (30 nm)-coated surfaces
of SiC substrates. The G4-NH2 dendrimer has an ethylene diamine core and was
supplied as a 10% methanol solution from Aldrich (www.aldrich.com). Using a recipe
adapted from previous work [19], the catalyst solution was prepared bymixing a 20-mL
solution of the G4-NH2 dendrimer and FeCl3�6H2O with a G4-NH2:Fe mole ratio of
1:46. The catalyst was transferred to the substrate surfaces by dip coating for 10 s and
calcined at 550�C for 10 min to expose a monolayer of Fe2O3 nanoparticles [20].

Microwave plasma chemical vapor deposition (MPCVD) was used to synthesize
arrays of vertically oriented MWCNTs from the Fe2O3 nanoparticles on SiC and
Ti/SiC substrates. Details on the MPCVD system have been presented in previous
work [21]. In short, theMPCVD chamber was evacuated to 1 Torr and purged withN2

for 5 min. To enhance the stability of the Fe2O3 nanoparticles, the catalyst was
annealed in an N2 ambient [20]. The growth temperature was 900�C, and the pressure
of the reaction chamber was maintained at 10 Torr by flowing 50 SCCM (cubic
centimeters per minute at STP) of H2. Carbon nanotube growth conditions were
established by igniting a 200-W plasma and introducing 10 SCCM of CH4 into the
chamber for a duration of 10 min.
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Material Characterization

A field-emission scanning electronmicroscope (FESEM)was used to characterize
the morphology and microstructure of the MWCNTs fabricated in this study, and the
results are contained in Figure 1. Each synthesized array displayed a general vertical
orientation although the tubes are observed to be entangled near their free ends. The
arrays ranged in height from 20 to 30 mm. The density of theMWCNT arrays was in the
range 108–109 tubes/mm2. Figure 1a contains an FESEM image of MWCNTs synthe-
sized on the C-face of SiC. The average diameter of the tubes was approximately 40 nm.
Figure 1b contains an image of MWCNTs synthesized on the Si-face of SiC for which
the average diameter was approximately 25 nm. Figure 1c contains an image of
MWCNTs (average diameter approximately 30 nm) synthesized on Ti-coated SiC.
The insets in Figures 1a–c contain images of higher magnification that illustrate profiles
characteristic of MWCNTs.

Figure 1. Field-emission scanning electron microscope (FESEM) images of MWCNT arrays fabricated on

SiC substrates. (a) Top view of MWCNTs synthesized on the C-face of SiC. The average tube diameter was

40 nm. (b) Tilted view of MWCNTs synthesized on the Si-face of SiC for which the average tube diameter

was 25 nm. (c) Tilted view MWCNTs synthesized on Ti-coated SiC. The average tube diameter was 30 nm.

The insets (scale bars ¼ 100 nm) are FESEM images of higher magnification.
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X-ray photoemission spectroscopy (XPS) was also used to characterize the
MWCNT arrays in this study. XPS revealed a high percentage of elemental C (greater
than 99%) and little to no Fe near the surface of each MWCNT array. These results,
along with corroborating FESEM observations, suggest that synthesis of MWCNTs
in this study occurred primarily by a base-growth mechanism [22].

Thermal Characterization

Thermal interface resistance was measured as a function of pressure and tem-
perature using a photoacoustic (PA) technique for which details have been published
previously [13]. Briefly, in a given PA measurement the sample surface, which is
surrounded by a sealed acoustic cell, is heated by a modulated light source. The
amplitude and phase shift of the temperature-induced pressure response in the acous-
tic chamber is measured by a microphone housed in the chamber wall over a range of
laser heating frequencies and can be used with the model of Cola et al. [13] to
determine interface resistance. Because of its transient nature, the PA technique can
be used to measure multiple internal interface resistances as well as thermal properties
within layered materials such as MWCNT array interfaces [13].

In this study, the experimental setup of Cola et al. [13] wasmodified as illustrated
in Figure 2 to allow resistance measurements from room temperature to 250�C (the
highest temperature was limited to 250�C to ensure proper operation of the micro-
phone). A heater and thermocouple were embedded near the surface of the sample
stage and were connected to a temperature controlling unit. The embedded thermo-
couple was calibrated to the interface temperature by placing a second thermocouple
in the interface of a sample (bare SiC-Ag interface) and recording both thermocouple
readings at each tested temperature and pressure. For all experiments, the samples
were allowed to dwell at the set temperature for 30 min to ensure steady-state condi-
tions before PA characterization. The rest of the experimental configuration and
procedures were identical to those detailed in Cola et al. [13]. Uncertainty in thermal
interface resistance ranged from �0.5 to 1 mm2K/W and, as with previous work [13],
the uncertainty is dominated by the measurement of the phase shift signal, which
exhibited higher noise levels at elevated temperatures as indicated by the larger error
bars for higher temperatures in the graphical results that follow.

Figure 2. Modified photoacoustic (PA) experimental setup of Cola et al. [13].
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RESULTS AND DISCUSSION

The room-temperature (RT) thermal resistances of SiC-MWCNT-Ag interfaces
weremeasured from 69 to 345 kPa using a PAmethod, and the results are illustrated in
Figure 3. The Ag foil (25 mm thick, hard, Premion� Alfa Aesar [www.alfa.com]) was
placed atop the MWCNT arrays, and the PA cell was filled with He to control the
interface pressure as illustrated in Figure 2. The pressure range was chosen to match
common pressures applied between electronic devices and heat sinks. The interfaces
withMWCNTs grown on the C-face of SiC achieved resistances as low as 8mm2K/W,
yet the resistances of interfaces with MWCNTs grown on the Si-face of SiC were
significantly higher. The resistances of the C-face/SiC interfaces are also lower than
the resistances of interfaces with MWCNTs grown on Ti-coated SiC substrates.

As contact pressure was increased, the thermal resistances of the C-face/SiC and
Ti-coated/SiC interfaces decreased. However, the resistances of the Si-face/SiC inter-
face increased from 69 to 207 kPa before decreasing under continued increases in
pressure. This unexpected behavior is likely due to the poor adhesion of theMWCNTs
to the Si-face of SiC. Presumably, sufficiently high contact pressure caused the release
of some of theMWCNTs from the growth substrate. After testing, the interfaces were
separated, and MWCNTs remained well adhered to the C-face of SiC and to
the Ti-coated SiC even when subjected to light scratching by tweezers. In contrast,
the appearance of the MWCNT arrays grown on the Si-face of SiC was clearly
different after testing (some MWCNT material was removed from the substrate
upon separation of the interface), and the MWCNTs remaining on the growth sub-
strate could be easily removed from the substrate by light scratching. We postulate
that this behavior is the result of favorable chemical bonding in the interface between
the C-face/SiC and MWCNTs and between the Ti layer and the MWCNTs where
strong Ti-C bonds can form. The reasons for the poorer adhesion betweenMWCNTs
and the Si-face/SiC substrates are not entirely clear and are under continued study.

The thermal resistances at the local interface between the MWCNT free ends
and the Ag substrate were determined by the PA technique to be the dominant
resistances in the entire interface. Consequently, heat conduction through the

Figure 3. Total thermal resistance as a function of contact pressure for SiC-MWCNT-Ag interfaces at room

temperature.
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MWCNT array and the associated thermal resistance produces a negligible effect on
the measured interface resistances—the room-temperature thermal diffusivities of the
MWCNT arrays were measured to be on the order of 10�4 m2/s, which is similar to
previous results [13]. Synthesis on the different substrate surfaces studied here pro-
duced different array characteristics (e.g., diameter and density) that likely caused the
differences in the magnitude of thermal resistances at the interfaces with the free ends
of the MWCNTs. Interestingly, the arrays with smaller average tube diameters
produced higher thermal resistances, a trend that was also observed in a previous
study [16]. The thermal resistances at the interface between the MWCNT arrays and
the growth substrates were measured to be approximately 1 mm2K/W (at each test
pressure) for the arrays grown on the C-face of SiC and Ti-coated SiC. However, the
resistances at the interface between theMWCNT arrays and the Si-face of SiC growth
substrates were measured to be approximately 2 mm2 K/W at 69 kPa and approxi-
mately 5mm2K/Wat 207 and 345 kPa, consistent with our observations and postulate
of reduced adhesion between the MWCNTs and the Si-face under sufficient contact
pressure.

The PA technique was also used to measure the thermal resistances over an
elevated temperature range for aMWCNT array interface grown on the C-face of SiC
at a contact pressure of 69 kPa. The temperature-dependent thermal properties of SiC
were obtained from the literature [23–25], and the resistance of the MWCNT array
was lumped into interface resistance when data fitting at elevated temperatures (the
required data collection time at each temperature is significantly less in this case, as
discussed in a previous study [13]) to reduce the microphone’s exposure to such
temperatures. The resistances were measured at six different temperatures while
heating the interface from RT to 250�C and while cooling the interface from 250�C
to RT as illustrated in Figure 4, and the SiC-MWCNT-Ag interface exhibits relatively
little temperature dependence in the tested range.

Increasing from room temperature to 100�C causes an increase in resistance for
the SiC-MWCNT-Ag interface here that may be the result of evaporation of liquid
water menisci, which can decrease contact resistance between nanowires and planar

Figure 4. Total thermal resistances as a function of temperature for a C-face-SiC-MWCNT-Ag interface at

69 kPa. The measurements were taken during heating and subsequent cooling of the interface.
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substrates [26]. In addition, the characteristic phonon wavelength l ¼ hn/kBT in most
crystalline solids is on the order of 1 nm at room temperature, where h is the Planck
constant and u is the sound velocity in the material. As temperature increases, the
dominant wavelength decreases, causing the likelihood of increased diffuse boundary
scattering, which would tend to increase interface resistance for most materials [27, 28].

Above 100�C as temperature increases, a decreasing trend in resistance is
observed. Upon attaining the maximum temperature and then systematically cooling
the substrate, a hysteresis is observed such that the thermal resistance is less after
heating to the maximum temperature of 250�C. After a complete temperature cycle,
the interface was reheated to 100�C and the measured thermal resistance (approxi-
mately 14 mm2 K/W) confirmed the hysteretic effects of heating. Notably, when the
tested interface was separated after the experiment, the MWCNT free ends were
coated with additional material that likely diffused from the Ag surface (see
Figure 5). This temperature-induced interface diffusion or reordering presumably
created more intimate contact between the MWCNT free ends and the Ag, causing
slightly enhanced heat transfer, and such diffusion coating of CNTs at moderate
temperatures has been observed previously [29, 30].

In previous studies [15, 16], the thermal resistances of MWCNT interfaces
grown on Ti-coated Si substrates have been measured to be as low as 7–8 mm2

K/W, which is similar to the lowest resistance (8 mm2 K/W) recorded here for
MWCNTs grown on the C-face of SiC. The resistances of interfaces consisting of
MWCNTs grown on both sides of metal foil, which have been measured to be as low
as 9 mm2 K/W [17], are also comparable to the resistances of the C-face/SiC-
MWCNT-Ag interfaces here. State-of-the-art thermal interface materials such as
greases, conductive particle-filled polymers and phase-change waxes, and solder can
produce resistances in the range of 5 to 30 mm2 K/W [31]. However, the MWCNT
array interfaces have the unique advantages of being completely dry and removable
while achieving thermal resistances at the low end of this range.

CONCLUSIONS

This study has demonstrated that well-bonded MWCNT arrays can be directly
synthesized on the C-face of 4H-SiC substrates without the application of an adhesion
layer such as Ti and that they achieve thermal interface resistances less than 10 mm2

Figure 5. Top view FESEM images of increasing magnification that illustrate the material deposit that was

present at the free ends of the MWCNT array after heating the SiC-MWCNT-Ag interface from RT to

250�C and then cooling it back to RT.
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K/W. Growth on the Si-face of the SiC substrates was also demonstrated;
however, the adhesion of the arrays was poor, and the thermal resistances of
the assembled interfaces were significantly higher. The thermal resistances of the
SiC-MWCNT-Ag interfaces were measured to compare favorably to state-of-the-art
interface materials and exhibit weak temperature dependence from room tempera-
ture to 250�C. These characteristics make MWCNT arrays an excellent candidate to
address the thermal management needs of high-temperature and high-power SiC
devices.
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