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ABSTRACT We report the fundamental dependence of thermal
diffusivity and electrical conductance on the diameter and defect level
for vertically aligned single-walled carbon nanotube (SWCNT) forests. By
synthesizing a series of SWCNT forests with continuous control of the
diameter and defect level over a wide range while holding all other
structures fixed, we found an inverse and mutually exclusive relationship
between the thermal diffusivity and the electrical conductance. This
relationship was explained by the differences in the fundamental
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structures. We concluded that high thermal diffusivity and electrical conductance would be extremely difficult to simultaneously achieve by a single

SWCNT forest structure within current chemical vapor deposition synthetic technology, and the “ideal” SWCNT forest structure would differ depending on

application.
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anomaterials, as represented by car-
N bon nanotubes (CNTs), are a pecu-
liar class of materials different from
conventional chemical substances. Unlike
conventional chemical materials where the
structure is uniquely defined by a structural
formula, an infinite number of structures fall
under the name, CNTs. For example, CNTs
differ in structure by the chirality, diameter,
wall number, length, defect level (crystallinity),
defect type, straightness, etc. This structural
diversity is one of the central issues of CNT
research and its use for practical applica-
tions since the physical and chemical
properties of a CNT are known to critically
depend on its structure."~* For example,
only a small difference in chirality in a
single-walled CNT (SWCNT) separates semi-
conducting and metallic electronic behav-
ior highlighting the significant impact of the
structure on the properties.’
Structural control of CNTs has been pur-
sued by numerous researchers, and now the
CNT field has developed synthetic structural
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control in diverse directions as exemplified
by control of chirality, alignment/density,
diameter, wall number, defect density, and
semiconducting-metallic selective growth.>~'?
For instance, a selective growth of over 95%
semiconducting SWCNT has been reported
by using methanol.> Aligned CNT forests
with ultrahigh density of ~10'* cm ™2 have
been achieved through cyclic catalyst
deposition.® Control of the SWCNT diameter
has been demonstrated from 1.3 to 2.1 nm
by the floating catalyst method.” SWCNTs
with a single dominating chirality, (8,4), have
been synthesized by using a Nig,,Feq73
nanocatalyst.®

Although the structural control of various
aspects of the CNTs have been previously
reported in the literature, research investi-
gating the dependence of structure on the
physical properties (such as electrical and
thermal) has not yet reached the level where
the fundamental relationship between a
physical property and a structure is clearly
empirically known."?'~2" Previously, most
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such reports have been limited to comparisons be-
tween different CNTs (e.g., HiPco, COMoCAT, Nanocyl,
etc. where all of the CNT structures are different) often
made from different suppliers, which were then pro-
cessed into a particular form, such as transparent
conductive film (TCF), buckypaper, fiber, composite,
etc."® 2! For example, a comparative study has shown
that TCFs using arc discharge SWCNTs exhibited a 1
order of magnitude higher sheet conductance than
that using HiPco SWCNTs at similar optical transpar-
encies.'® In addition, a comparison of SWCNT/polystyr-
ene composites between HiPco, CoMoCAT, and pulsed
laser vaporization CNTs has shown that composites
made with HiPco tubes exhibited the highest electrical
conductivity (about 2 orders of magnitude higher) at
>1 wt % CNT loading."® Another comparison of CNT/
elastomer composites, using CoMoCAT, HiPco, and
water-assisted chemical vapor deposition (CVD) SWCNTs
(SG-SWCNTSs), and Nanocyl multiwalled CNTs (MWCNTSs)
has shown that only the SG-SWCNT composite showed
high electrical conductivity with excellent mechanical
durability.?° By this comparative research, one can only
conclude which variety CNT was optimum for a specific
application, but one cannot determine the intrinsic
properties of CNTs and their dependence on struc-
ture for the purpose of a more general understand-
ing of the most suitable CNT structure for a given
application.

In this work, we have addressed this issue and
studied the fundamental dependence of thermal dif-
fusivity and electrical conductance on the diameter
and defect level for vertically aligned SWCNT forests.
Such investigation was enabled by synthesizing a
series of SWCNT forests with diverse and controlled
structures spanning a wide range of average diameters
(1.5—2.9 nm) and defect levels (as represented by
Raman graphitic-to-disorder ratio, e.g., G/D ratio: ~2
to ~90). Significantly, we found a mutual exclusivity
between the thermal diffusivity and the electrical
conductance, where small average diameter SWCNT
forests exhibited the highest thermal diffusivities while
large average diameter SWCNT forests provided the
highest electrical conductances. We interpret that such
mutual exclusivity stems from a combination of several
fundamental mechanisms, such as the reduced Umklapp
scattering in smaller diameter SWCNT forests, which
allows for higher thermal diffusivity, and the reduced
band gap for larger diameter SWCNT forests, which
leads to higher electrical conductance. These results
and interpretations demonstrate that the highest
thermal diffusivity and electrical conductance can-
not be simultaneously achievable on the same
SWCNT forest structure within current CVD syn-
thetic technology where both semiconducting
and metallic SWCNTs co-exist, and the “ideal”
SWCNT forest structure would differ depending on
application.
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RESULTS AND DISCUSSION

To study the dependence of the properties on
structures, several fundamental requirements are re-
quired. One must first identify all the structures that
contribute to the property. Second, one must be able
to control one or two of these structures while holding
all the others fixed. Third, to construct a plot of the
property as a function of structure, the synthetic con-
trol must be continuous rather than scattered. These
fundamental requirements have been the obstacle in
experimentally relating the properties to structures.

To satisfy these requirements, we synthesized a
series of vertically aligned SWCNT forests with heights
of ~300 um, differing by a wide range and in a
continuous fashion in both diameter and defect level
(crystallinity), by water-assisted CVD.?> We used a well-
established method of tailoring the Fe film thickness to
control the average diameter of the SWCNT forest. In
most previous works, this technique was used to
control the average diameter and the wall number of
CNTs. Here, we combined this technique with a trilayer
catalyst (Al,Os/Fe/Al) technique developed by Kawarada/
Roberson.”*** The alumina capping layer and the
lower alumina support suppressed Fe surface dif-
fusion and subsurface diffusion into the substrate, res-
pectively, to allow the formation of small catalyst
nanoparticles. Through this combination, we could
significantly control the diameter range from 1.5 to
2.9 nm with a resolution of ~0.1 nm.

Specifically, we divided the CVD process into three
phases: a catalyst deposition phase (i.e., a sputter phase
in this work), a nanoparticle catalyst formation phase,
and a growth phase (Figure 1a). The key process in this
work was the “formation” phase where the deposited
catalyst thin film was reduced in hydrogen ambient
at high temperature to form nanoparticles. In fact,
exposure of Fe catalyst thin film to hydrogen ambient
at high temperature prior to the growth phase is the
standard process to form catalyst nanoparticles
needed for CNT synthesis. In this work, we decoupled
the formation phase from the CNT growth phase to
form catalyst nanoparticles at different temperature
from 550 to 750 °C while keeping the growth tempera-
tures fixed at 750 °C. Since the catalyst formation phase
and growth phase were separated and the use of the
alumina cap and alumina support provided consider-
able control on the individual catalyst particles, a series
of ~370 SWCNT forests could be synthesized where
the diameter and defect level (G/D ratio) were con-
tinuously controlled across a wide range (average
diameter, 1.5—2.9 nm; G/D ratio, ~2 to ~90) while
holding the mass density and height fixed (height,
~300 um; mass density, ~0.03 g/cm?, within ~20%).
We would like to note that the diameter and defect
level are two key structural parameters that influence
the physical properties, such as electrical and thermal
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Figure 1. (a) Schematic of synthesizing SWCNT forests by tailoring Fe thin film thickness and formation temperature. G/D
ratio of SWCNT forests as a function of diameter grouped by (b) catalyst Fe thin film thickness and (c) formation temperature.

The red arrows are to guide the eyes.

conductivities of CNTs. Such a family of SWCNT forests
synthesized by this advanced CVD technique satisfies
the fundamental requirements presented above and
provides a unique opportunity to investigate the de-
pendence of the diameter and defect level on the
electrical and thermal properties of SWCNT forests.
This large ensemble of SWCNT forests enabled the
investigation of the structural and physical properties.
From the plot of the G/D ratio as a function of the
diameter, we observed several points (Figure 1b). First,
a clear inverse relationship appeared where smaller
diameter exhibited higher G/D ratio. Second, a promi-
nent vacant region within this plot was observable
which showed a synthetically forbidden region for our
samples. This indicates the difficulty in synthesizing
high quality SWCNTSs with large diameter at the same
growth conditions as for SWCNTSs. Third, catalyst Fe film
thickness was a control parameter of diameter where,
as indicated by color, thinner Fe thickness resulted in
smaller diameter SWCNTs. This general trend can be
clearly seen in the plot of CNT diameter versus catalyst
Fe film thickness (Supplementary Figure S1). Further-
more, the data points, color coded by the catalyst
formation temperature, indicate the increasing dia-
meter with increasing formation temperature. Forth,
it is interesting to note that despite being grown from
the same Fe thickness, the defect level could greatly
vary. For example, for 1 nm Fe catalyst thickness, the
G/D ratio spanned from ~10 to ~90. To address this
issue, we plotted the G/D ratios as a function of the
diameter with data points grouped by catalyst formation
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temperature (Figure 1c). From this plot, we note that
the nanoparticle formation temperature was a signifi-
cant control parameter of the defect level where a
lower formation temperature led to a lower defect
level. Specifically, a formation temperature of 550 °C
resulted in a G/D ratio from ~30 to ~90, but a forma-
tion temperature of 750 °Cled to a G/D ratio from ~2 to
~25. These results imply that a smaller diameter
SWCNT grown from catalyst nanoparticles formed at
lower temperature was the key to achieve higher
quality SWCNTs. Although the mechanism is not fully
understood, it could be that the catalyst structures at
high (fcc, y-Fe, austenite) and low (bcc, a-Fe, ferrite)
temperatures differ.?®

We start from describing the dependence of the
thermal diffusivity on the diameter and defect level.
Thermal diffusivity is one of the most fundamental
properties of CNTs and here was measured by the flash
method using a Xenon lamp source at room tempera-
ture along the CNT growth (alignment) direction for
the series of SWCNT forests and plotted versus the
diameter and G/D ratio (Figure 2).>° We can glean
several important points from the plotted data. First,
the thermal diffusivity increased as the diameter de-
creased. The overall thermal diffusivity data showed an
increase from ~20 to ~100 mm?/s. The highest value
was close to that of copper (111 mm?/s) and superior to
aluminum (84.2 mm?/s) and silicon (88 mm?/s). Sec-
ond, Figure 2a shows that the thermal diffusivity
of small diameter SWCNT forests varied significantly
demonstrating that the diameter was not the only
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Figure 2. Thermal diffusivity of SWCNT forests as a function of (a) diameter and (b) G/D ratio. The red arrows are to guide the

eyes. Inset: schematic of the measurement setup.

important parameter determining the thermal diffu-
sivity. When we plotted the thermal diffusivity as a
function of G/D ratio (Figure 2b), we found a nearly
linear increase in thermal diffusivity from ~20 to ~100
mm?/s as the G/D ratio rose from below 10 up to ~90,
which experimentally demonstrated the direct effect
of the defect level on the thermal diffusivity. These
experimental data clearly demonstrated that smaller
diameter SWCNT forests with higher crystallinity led to
higher thermal diffusivity.

At room temperature for CNTs, it is known that
phonon transport is the dominant contribution to the
thermal diffusivity."’*”?® Phonon transport is dis-
turbed by scattering by other phonons (Umklapp
scattering) and crystalline defects. In short, Umklapp
scattering is phonon—phonon scattering, which cre-
ates another phonon without conserving phonon mo-
mentum. Studies have shown that Umklapp scattering
is reduced for smaller diameter SWCNTs because of the
stronger phonon coupling from stronger curvature
effects. 3! Simulations on diamond-like carbon, gra-
phene and CNTs have reported that the thermal con-
ductivity significantly drops with the presence of even
a small level of defects.>?~3° This aspect has also been
observed experimentally, where the thermal diffusivity
of a vertically aligned MWCNT array increased from 42
to 210 mm?/s due to the decrease in crystalline defects
through a thermal annealing process (as evidenced by
the increased Raman G/D ratio).>®

From this discussion, we can gain deeper insight into
the major scattering processes limiting the thermal
diffusivity for our SWCNT forests. We interpret the data
and propose that there are three domains that are
governed by differing limiting processes. In the region
of small diameter and high G/D ratio (specifically,
diameter, 1.5—2.0 nm; G/D ratio, 60—90), the primary
scattering process limiting the thermal diffusivity is
Umklapp scattering. In the region of small diameter
and low G/D ratio (diameter, 1.5—2.0 nm; G/D ratio,
2—-30), the primary scattering process limiting the

CHEN ET AL.

thermal diffusivity is defect scattering. In the third
region of large diameter and low G/D ratio (diameter
>24 nm and G/D ratio <15), we interpret that
both Umklapp and defect scattering are significantly
contributing.

Next, we describe the dependence of electrical sheet
conductance on the diameter and defect level where,
interestingly, we observed a strong but completely
different dependence on the structures. The electrical
sheet conductance here is the inverse of the electrical
sheet resistance of SWCNT forests, which was mea-
sured along the CNT alignment direction with a home-
made micro-4-probe (Figure 3, insets). The measured
electrical sheet conductance of SWCNT forests was
plotted versus the diameter and G/D ratio (Figure 3).
As clearly shown, the electrical conductance strongly
depended on the CNT structures but in a different
manner than thermal diffusivity. In a complete reversal
to the thermal diffusivity, the electrical conductance
generally increased ~5-fold (from 0.2 x 103 to ~1.1 x
107* S/0) as the diameter increased (Figure 3a).
It should be noted that the calculated CNT number
density in the forests was found to be fairly constant
across the diameter range (Supplementary Figure S2).
Therefore, we do not attribute the number density as a
significant factor in the electrical measurements. At
this moment within this measurement technique, the
conversion from sheet conductance to conductance
per tube is not possible because the number of CNTs
contributing to this measurement (i.e.,, the depth) is
unknown. There may be deviation originating either
from the limitation of the measurement to a bulk
sample rather than an individual CNT and/or from
the internal structure of the forest, such as a broad
diameter distribution, alignment, number of inter-tube
contacts, etc. When we plotted the electrical conduc-
tance as a function of G/D ratio (Figure 3b), the electrical
conductance surprisingly did not show any obvious
dependence on the defect level and was fairly constant,
which completely differed from the thermal diffusivity.
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These experimental data demonstrate that the larger
average diameter SWCNT forests are conducive for
higher electrical conductivity and that the influence of
the defect level on the electrical conductance is much
less significant than on the thermal diffusivity.
Generally, the synthesized SWCNT forests consist of
a mixture of semiconducting and metallic SWCNTs.
One of the unique aspects of SWCNTs is that the
semiconducting band gap is inversely related to the
diameter.? This means that larger diameter CNTs gen-
erally possess more metallic behavior and thus should
be more conductive, whereas smaller diameter CNTs
are generally more semiconducting. Theoretical calcu-
lation predicts that a 1.5 nm semiconducting SWCNT
possesses a 0.53 eV band gap and a 3 nm SWCNT
possesses a 0.27 eV band gap. In addition, experiments
have shown that metallic CNTs exhibit an electrical
conductivity 1 order higher than semiconducting
CNTs.'3738 We interpret that the observed increase
in electrical sheet conductance of SWCNT forests is a
result of the reduced average band gap. Interestingly
as the electrical sheet conductance did not signifi-
cantly depend on the defect level, the defect level
was not the rate-limiting process for electron transport
in SWCNT forests. Theoretical calculations also show

CHEN ET AL.

that electron transport is much more tolerant to crys-
talline defects than phonon transport3%333%40 As 3
result, SWCNT forests with large average diameter
exhibited high electrical conductances despite posses-
sing low G/D ratios (high defect levels).

For the SWCNT forests with different diameters and
defect levels, the thermal properties were plotted
versus electrical properties in two identical Ashby
maps, one color-coded by diameter and the other by
G/D ratio (Figure 4). The map shows the inverse
relationship between thermal diffusivity and electrical
sheet conductance, and particularly, the region of high
thermal diffusivity and high electrical sheet conduc-
tance was curiously vacant. On the basis of previous
discussions, this mutual exclusivity results from a com-
bination of three phenomena. First, the processes
governing phonon transport (e.g., Umklapp scattering)
and electron transport (e.g., band gap) exhibit opposite
trends with diameter. Second, small diameter SWCNTs
could be synthesized with low defect levels (high
crystallinity), which was crucial for high thermal diffu-
sivity. Third, electron transport is more tolerant to
defects than phonon transport enabling the band
gap to be the dominant process for electrical proper-
ties at large diameter SWCNT forests, which could only
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be synthesized with high defect levels. These inter-
pretations on the mutual exclusivity between thermal
diffusivity and electrical conductance of SWCNT forests
would generally apply to CNT synthesis systems. The
implication of this result is that the “ideal” SWCNT
forest structure would likely differ from application to
application.

Our results strongly suggest that within conven-
tional CVD synthesis techniques, synthesis of an “ideal”
SWCNT forest structure that simultaneously possesses
the highest thermal and electrical conductivities is
extremely difficult. In principle, a small diameter, highly
crystalline, and all metallic SWCNT forest is expected to
possess both high electrical and thermal properties,
but as far as synthesis technology has recently ad-
vanced, it has not yet reached that level of control. In
fact, many studies on controlled and selective synthe-
sis of CNTs have shown that the reported control
cannot be achieved without sacrifice to another struc-
tural property, commonly yield.>*'~** These results
indicate that even if an “ideal” SWCNT could be
synthesized, advancement to commercial applications
would be difficult.

CONCLUSION

To conclude, this investigation between the struc-
ture and property for SWCNTs within a vertically
aligned forest represents a new research and an

EXPERIMENTAL METHODS

Synthesis. Aluminum film with a thickness of 5 nm was
sputtered on Si substrate, followed by an oxygen plasma
treatment. Then, Fe film (0.5—2.5 nm) and Al film
(0.5—2.0 nm) were separately sputtered to form the trilayer
structure. The formation phase was carried out at different
formation temperature (550—750 °C) in 90% H, with He as
carrier gas, followed by a growth phase at 750 °C with 1%
C,H,4 in He.

Characterization. G/D ratio of SWCNT forests was character-
ized by Raman spectroscopy (Thermo-Electron Raman
Spectrometer) with an excitation wavelength of 532 nm.
The average diameter of SWCNT forests was evaluated by
Fourier transform infrared spectroscopy (FT-IR, Nicolet 6700)
by converting the position of S;; absorbance peak and
confirmed by transmission electron microscopy (Hitachi
H-9000NA). The thermal diffusivity of SWCNT forests was
measured in air under ambient temperature by the flash
method using a Xenon lamp (NETZSCH, LFA 447 NanoFlash).
The electrical sheet conductance of SWCNT forests was the
inverse of the sheet resistance measured by a lithographically
fabricated micro-4-probe.
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important direction to extract their fundamental rela-
tionship. In so doing, we have gained understanding of
the intrinsic electrical and thermal properties of
SWCNTSs on their structures to provide a more general
and fundamental knowledge of the most suitable CNT
for a particular application. This study was made
possible through recent advancements in the CNT
synthetic technology, which allowed for the continu-
ous structural control over a wide range. Through these
means, graphs of the property as a function of the
structure and a different property could be constructed
to understand not only their relationship, but, equally
important, their limitations, both technically and fun-
damentally. In this work, we found an inverse rela-
tionship between the thermal diffusivity and the
electrical conductance which showed a fundamental
mutual exclusivity between the two properties. This
relationship was further explained by the differences
in the fundamental mechanisms governing each
property and the optimum required structures.
Further, we learned that within typical CVD synthesis
techniques, it is extremely difficult to synthesize
an “ideal” SWCNT forest structure that simulta-
neously possesses the highest thermal and elec-
trical conductivities. We hope that this work would
act as an impetus for future work in examining
other structural relationships on SWCNT and CNT
properties.
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