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A graphitic structure was synthesized by catalyst-free chemical vapor deposition on an anodized
aluminum oxide (AAO) template using acetylene as the carbon source at a temperature of 620 °C. The
AAO template was removed by chemical etching, which yielded a three-dimensional structure featuring
planar layers seamlessly joined together by nanotube pillars via continuous carbon-carbon bonding.
Raman spectroscopy and transmission electron microscopy measurements reveal that the deposited
carbon is nanocrystalline graphite with a thickness of about 10 nm. Carbon nanotubes were isolated from
the three-dimensional nano-pillar graphitic structure and measured with a thermal four-probe method
to obtain the intrinsic thermal conductance. Discrete modulated heating and Fourier transform analysis
were used to improve the signal to noise ratio of the thermal measurement of the low-conductance
nanostructure. The measured thermal conductivity of the nanotube wall increased with increasing
temperature and was 3.9+ 0.3 Wm~'K~! at room temperature. Both the temperature dependence and
the magnitude are consistent with the nanocrystalline graphitic structure.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Low-dimensional carbon allotropes including two-dimensional
(2D) graphene and one-dimensional (1D) carbon nanotubes
(CNTs) have generated considerable interest for both basic studies
of thermal physics and thermal management applications. Due to
the elimination of interlayer van der Waals interaction, the basal
plane thermal conductivity of freestanding graphene and CNTs can
theoretically exceed that of highly-oriented pyrolytic graphite
(HOPG) [1,2]. However, van der Waals interaction with a support,
especially a support made of a dissimilar and defective structure,
can reduce the thermal conductivity below the HOPG value [3].
Another limitation is that thermal transport is highly anisotropic in
not only CNTs and graphene, but also in graphite, where the cross-
plane thermal conductivity is two orders of magnitude lower than
the basal plane value [4]. This limitation has motivated exploration
of three-dimensional (3D) graphitic structures with isotropic
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thermal transport properties, which are desirable for most thermal
management applications. Apart from graphitic foam structures
previously investigated [5—9], a 3D continuous covalent structure
consisting of planar graphene layers joined by vertical CNT pillars
has been studied theoretically [10]. In addition to a number of
theoretical calculations of the thermal transport properties of this
3D pillared graphene structure [10—13] and its epoxy composites
[14], there have been theoretical studies of its mechanical proper-
ties [15] and its potential for use in hydrogen storage [16], gas
separation and adsorption [17,18], and flexible super capacitors
[19].

These theoretical studies have motivated experimental efforts to
synthesize the 3D pillared graphene structure. In one experiment, a
CNT forest connected to a graphene layer was grown by chemical
vapor deposition (CVD) on a copper (Cu) thin film coated with
several nanometer thick iron [20]. In another experiment, an
additional alumina (Al,O3) layer was deposited on the iron (Fe)
coated Cu growth substrate, which remained on top of the CNT
arrays grown from the bottom graphene layer [21]. The difficulty in
achieving C—C covalent bonding between a CNT and graphene
layers on both ends of the CNT is due to the presence of the Fe
catalysts for the CVD growth of high-quality CNTs [22]. In either the
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tip or base growth mechanism of the CNT, the Fe catalyst remains
affixed to the CNT and prevents direct C—C bonding between the
catalyst end of the CNT and a layer of graphene. The presence of
catalyst at one end of the CNTs also prevents direct C—C bonding at
both ends for vertical CNT arrays grown by a pyrolysis process
between adjacent graphene layers in an expanded HOPG [23].
Meanwhile, a number of prior studies have reported the growth of
large-diameter CNT arrays inside the nanopores of anodized
aluminum oxide (AAO) templates with or without a catalyst
[24—29]. Moreover, 3D graphitic structures have recently been
grown on a tubular AAO template with a catalyst free CVD process
[30], which used acetylene as the carbon source and the growth
temperature of 620 °C is lower than those typically used for cata-
lytic CVD growth of CNTs. The obtained CNT arrays are directly
connected to two graphitic carbon layers at the top and bottom
ends to form a 3D graphitic (3DG) structure.

The thermal transport properties of the CNT arrays and the 3DG
structures grown in the AAO templates had not yet been charac-
terized. The effective thermal conductivity in these 3DG materials
depends on the geometric properties, including the pillar length
and spacing, as well as the intrinsic solid thermal conductivity and
quality of the deposited carbon layers. In particular, the effect of the
relatively low growth temperature and the absence of a catalyst on
the solid thermal conductivity of the deposited CNTs had not been
studied.

Here, we report thermal transport measurements of the axial
thermal conductance of individual CNTs isolated from a 3DG
structure grown in an AAO template via the catalyst-free growth
process. The thermal measurement is based on a recently reported
four-probe thermal transport measurement method [31], which
utilizes four suspended microfabricated metal line resistance
thermometers to obtain both the intrinsic thermal conductance
and the contact thermal resistance of a suspended nanostructure
sample. For the measurement of the low-thermal conductance CNT
sample, discrete modulated heating with Fourier transform anal-
ysis was employed to improve the signal to noise ratio. The ob-
tained thermal conductivity increased with temperature and was
3.9+ 0.3 Wm~ 'K~ at room temperature for one sample. Both the
temperature dependence and magnitude are consistent with the
nanocrystalline graphitic structure observed by transmission elec-
tron microscopy (TEM) and Raman spectroscopy measurements.
The observed low thermal conductivity suggests that the nano-
crystalline porous graphitic materials is better suited for thermal
insulation instead of heat spreading applications, in addition to
potential applications for lithium ion batteries, where the
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Fig.1. (a) SEM image of the edge of a 3DG sample shown after template removal by NaOH. (b) Typical Raman spectra for the 3DG sample shows a D-peak centered at 1351 cm™
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nanocrystalline graphite was recently demonstrated to have
improved cyclability over traditional graphite anodes [32].

2. Experimental methods

AAO templates purchased from ACS Material, LLC were used as
the growth template. The AAO already had the aluminum film
substrate removed and base pores opened to create open ends at
both sides. The templates were placed in a 1 inch dimeter quartz
tube furnace and heated to 620 °C under a mixture of argon and
hydrogen at a flow rate of 200 sccm and 10 sccm, respectively. Once
reaching the set temperature of 620 °C, acetylene was introduced at
a flow rate of 20 sccm for 50 min, at which time the acetylene flow
was stopped, and the furnace was cooled naturally. After growth,
the AAO template was removed by etching in 5M NaOH for
approximately 48 h. At this point the 3DG structure was rinsed in a
series of deionized (DI) water and isopropanol (IPA) baths. A
scanning electron microscopy (SEM) image of one 3DG sample,
with a 2 um thickness, is shown in Fig. 1 (a). The small pores
(~100 nm) are visible in the planar surface. At the edge some of the
CNTs fray away from the top carbon layer. The relatively large dark
cracks on the bottom carbon layer are due to the etch process, as
they were not visible prior to etching.

A typical Raman spectrum for the synthesized 3DG sample is
shown in Fig. 1 (b). The presence of a D-peak at 1351 cm™! and a
separate G-peak at 1587 cm~! and an intensity ratio, I(D)/I(G), of
0.89 indicates disordered nanocrystalline graphite [33,34]. This
result is comparable to that reported for nanocrystalline graphite
growth by molecular beam epitaxy at 600 °C on a sapphire sub-
strate [35]. The I(D)/I(G) ratio can be used to evaluate the degree of
nanocrystallinity. It has been suggested that the maximum theo-
retical I(D)/I(G) ratio of about 2.3 occurs at a uniform nano-
crystalline grain size close to 2 nm [33]. This ratio decreases with
both increasing grain size toward defect-free graphite and
decreasing grain size toward amorphous carbon. The observed I(D)/
I(G) ratio of 0.89 can occur when the grain size is either about 1 nm
or 5 nm. In addition, the G peak increases slightly from 1581 cm™!
for perfect graphite to a maximum near 1600cm~! for nano-
crystalline graphite, and decreases with further decreasing grain
size to reach 1510 cm™! for amorphous carbon [33]. The measured
G-peak at 1587 cm~! is close to the value for the maximum value
for nanocrystalline graphite.

The intrinsic solid thermal conductivity of the nanocrystalline
graphite plays an important role in the effective thermal conduc-
tivity of the 3DG structure. The solid thermal conductivity can vary
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by four orders of magnitude during the transition from amorphous
carbon to HOPG [4,36]. To evaluate the solid thermal conductivity
of the nanocrystalline graphite synthesized by the catalyst free CVD
process, we isolated individual CNTs from the 3DG structure and
measured the solid thermal conductivity with the use of a four-
probe thermal transport measurement method. In the sample
preparation process, a single 3DG sample after AAO template
removal was placed in IPA and sonicated to break up the structure
into individual nanotubes, which were subsequently transferred to
the four-probe device using a micro-manipulator under an optical
microscope. Here we used AAO templates approximately 50 pm
thick to provide sufficiently long CNTs for the measurement device.
A low magnification SEM image of the device is shown in Fig. 2(a)
and a higher magnification image of the measured sample on the
device is shown in Fig. 2(b).

Due to the small size of the sample and the nanocrystalline
nature of the CNT, the intrinsic thermal resistance (R;) of the three
suspended segments of the CNT sample is as large as the order of
10° K/W. In order to obtain measurable temperature rises in the j™
thermometer line adjacent to the i thermometer line that is
electrically heated, the thermal resistance (Rp;) of the thermometer
line needs to be increased by increasing the length to match R;. Due
to processing limitation and increased radiation loss with
increasing beam length, the total length of the thermometer line is
300 pm.

In order to measure the low-thermal conductance sample, the
four-probe thermal measurement method described in a recent
report [31] was modified in this work to increase the measurement
sensitivity. In this modified method, the Joule heating current in the
it line was discretely stepped to values that follow a sinusoidal
function. Fast Fourier transform (FFT) data analysis was used to
analyze the measured DC heating current (Ipc) and voltage drop
(Vpc) in the heating line and the voltage drop (AVac) along each of
the other thermometer lines with a small AC sensing current. The
FFT amplitudes of the measured responses in Vpc, Ipc, and AVac
were used to calculate the thermally induced resistance changes in
each line, AR;; and the Joule heating in the it heated line, Qi
(Supplementary Information). Here, the subscript i denoting the
heater line was varied from 1 through 4, and the subscript j rep-
resenting the resistance measurement in the jth line also varied
from 1 to 4. Via FFT data analysis, we obtained a 4 x 4 matrix of the
dR;i/dQuy; slope values. By measuring the electrical resistance (R;) of
the j thermometer line as a function of the sample stage tem-
perature at zero heating current in the heater line, we obtained the
temperature coefficient of resistance, dR;/dT, which are used to

dﬁ,_, _ 1
o, Where f;; is the average

temperature rise of the jM thermometer line when the ith line is
Joule heated. The FFT technique established in this work for resis-
tance thermometry is able to considerably improve the signal to
noise ratio. We note that the improvement observed in this work
has motivated the use of a similar FFT technique for enhancing the
signal-to-noise ratio of a recent Raman thermometry measurement
[37].

We have also measured the background signal (Supplementary
Information) caused by parasitic heat transfer between the heating
line and the thermometer line due to radiation, residual gas mol-
ecules in the sample stage that was evacuated with the use of a
turbomolecular pump, and conduction in the substrate. With the
measured background level subtracted, the 4 x4 matrix of

convert the dR;;/dQyy; values into

db;i
dQu i
resistances (Rp;) of the four thermometer lines, the contact tem-
perature rise (f;;) of each thermometer line, and the heat flow (Q;;)

from the jth thermometer line into the sample [31].

data can be used to obtain the thermal
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Fig. 2. (a) An SEM image of a four probe device without a sample. (b) SEM image of a
CNT sample assembled on the four probe device. (c) A thermal circuit diagram of the
four probe measurement device when line 1 is heated [31]. The rectangular box rep-
resents the sample and the three resistances (R;, Ry, R3) inside the box correspond to
the intrinsic thermal resistances of the three suspended sample portions. R.; is the
contact resistances between the sample and the jth thermometer line. Rp; is the
thermal resistance of the jth thermometer line. Q;; and f;; are the heat flow from the
jth thermometer line into the sample and the jth thermometer line temperature rise at
the contact to the sample when the ith line is heated. 6 is the substrate temperature
rise, which is negligible.

The thermal circuit of Fig. 2(c) can be used to obtain the
following set of eight equations

Oc1i—0cai= QiiRir + (Q1;+ Q2)Ry — QuiRar (1)

Oc2i—0c3i= QaiRe2+ (Q1i+ Q)R — Q3R 3 (2)

where Ry7=R.1 + Rq, R47=R.4 + R3, and i ranging from 1 to 4 rep-
resents the four different heating conditions. By casting these eight
equations in the matrix form of Ax=Db, we solved this over-
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Fig. 3. (a) TEM image of the suspended portion of the sample between the two inner lines on the four probe device. (b) A higher magnification of one of the CNT walls.

determined system of equations using a least squares approach [38]
given by x = (ATA)"'ATb to obtain the five unknown
resistances, Ry1, Ry, R4r, Rc» and R. 3. Here, Ry, the thermal resis-
tance of the middle suspended sample segment, can be separately
determined simultaneously from the two contact resistances of this
segment, R., and R. 3 because the heat flow rates in the three re-
sistances are different. In comparison, the thermal resistances of
the two end segments of the sample, R; and R3 = cannot be sepa-
rated from the adjacent contact resistance, R.1 and R.4, because
the heat flow through each end suspended segment is the same as
that across the corresponding end contact.

The measured thermal conductance is converted to thermal
conductivity based on the sample dimensions measured by SEM
and transmission electron spectroscopy (TEM). As evident in the
TEM image of the sample shown in Fig. 3(a), two tubes span the
center gap of the four probe device. Fig. 3(a) also shows the pres-
ence of some voiding along the lengths of the tubes. The TEM image
of Fig. 3 (b) shows there appears to be local ordering of the solid
tube wall. This finding is consistent with the Raman spectrum that
is characteristic of disordered nanocrystalline graphite. Although it
is challenging to extract the exact grain size value from either the
Raman and TEM measurements, both measurements suggest that
the grain size is in the sub-10 nm scale. Based on the TEM mea-
surements, the tube outer diameter is 98 + 5nm and the wall
thickness is 10.5 nm + 0.5 nm.

3. Results

The sample was measured in the temperature range between
100 K and 350 K at 50 K intervals. The measured thermal resistance
of the sample is shown in Fig. 4, where the uncertainty was
calculated by a Monte Carlo simulation based on the uncertainties
in the measured dR;i/dQw,; and (dR/dT)j; (Supplementary
Information). The contact thermal resistance is much smaller
than the sample thermal resistance of this sample with a large
sample thermal resistance.

Using the geometry of the sample, the measured thermal
resistance of the suspended sample in the center gap was con-
verted to thermal conductivity. These data are shown in Fig. 5. Due
to the presence of some voids on the nanotube wall, the reported
thermal conductivities are expected to be slightly lower than the
true intrinsic solid thermal conductivity of the catalyst-free, low
temperature grown carbon. The room temperature thermal con-
ductivity is 3.9 + 0.3 Wm~'K~!, which is a factor of about 500 lower
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Fig. 4. Measured thermal resistances as a function of temperature. (A colour version of
this figure can be viewed online.)
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Fig. 5. Measured thermal conductivity for the CNT sample in comparison with the
calculated thermal conductivity for a constant mean free path of 1.1 nm that is limited
by grain boundary scattering in the nanocrystalline graphite. (A colour version of this
figure can be viewed online.)
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than the highest value reported for HOPG [3] and about 250 times
lower than the highest reported values for catalytic CVD graphite
foams [5].

Another indication of the defective graphite is that the peak
thermal conductivity has not yet been reached at 350 K, which is far
higher than that for highly oriented pyrolytic graphite, which peaks
near 200 K. The shift of the peak temperature to a higher temper-
ature indicates that defect and grain boundary phonon scattering
processes dominate intrinsic umklapp phonon-phonon scattering
even at room temperature. When the phonon mean free path is
limited by grain boundary scattering to be the same as the grain
size (d), the thermal conductivity is limited by the grain size as [39].

2 of of
K= zq:hwvxra—T~dzq:hw

Ux

o 3

where the summation is over different phonon modes (q), h is the
reduced Planck's constant, vx is the phonon group velocity
component along the transport direction, 7 is the phonon relaxa-
tion time, f is the Bose-Einstein distribution function, and T is the
temperature. In comparison, the ballistic thermal conductance is
calculated as [39].

0,
Ghatistic = hwl’x% (4)

>0

where the summation is over phonon modes with a positive vy.
Thus,

K= 2dGballism'c (5)

Based on the reported ballistic thermal conductance data for
graphite [40], we find that a grain size of 1.1 nm can reasonably fit
the measurement results with Equation (5), as shown in Fig. 5. The
more rapid increase of the calculated thermal conductivity with
temperature than the measurement result can be attributed to the
ignorance of umklapp phonon scattering in Equation (5).

4. Conclusions

Catalyst-free CVD growth on a highly ordered nano-porous AAO
template yielded a graphitic structure featuring continuous C—C
bonding between two planar layers bridged together by large
diameter CNT pillars. The intrinsic graphitic quality obtained from
this catalyst-free, low temperature CVD process has been charac-
terized both structurally using Raman spectroscopy and TEM as
well as thermally by measuring the thermal conductivity of indi-
vidual CNT pillars. The structure and thermal characterization
indicate that the catalyst-free CVD carbon is disordered nano-
crystalline graphite with a room temperature solid thermal con-
ductivity slightly higher than 3.9 + 0.3 Wm~ 'K~ L. The low thermal
conductivity of the measured nanotubes led to the establishment of
a highly sensitive measurement and data processing methodology
for a previously reported four probe thermal transport measure-
ment method [31]. Via spectral noise analysis using Fourier anal-
ysis, the thermal measurement sensitivity was considerably
enhanced.
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