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C
arbon nanotubes (CNTs) exhibit
impressive potentials in many ap-
plications such as electrical

interconnects,1�5 thermal interface

materials,6�10 high-performance

fibers,11�17 and so on. Although the theo-

retical intrinsic electrical, thermal, and me-

chanical properties of an individual CNT are

extraordinary,18 synthesized CNTs in reality

are far from being defect-free. Presence of

structural defects in a CNT has been found

to shadow its promise in real-life

applications.19�28 Defect reduction is the

key to realizing the true potential of indi-

vidual CNTs. Conventionally a high-

temperature thermal annealing process is

needed for CNT defect reduction. For ex-

ample, annealing of single-walled carbon

nanotubes (SWNTs) is usually carried out

above 1200 °C in vacuum.29 Although such

annealing is effective in reducing SWNT de-

fects, coalescence/reconstruction of SWNTs

during high-temperature annealing has

been found from time to time.30 For multi-

walled carbon nanotubes (MWNTs), a

higher annealing temperature (typically

above 1900 °C) is needed.22,31�33 How-

ever, for on-substrate applications of verti-

cally aligned MWNTs (VACNTs), for example,

as thermal interface materials in electronic

packaging and for dry spinning of CNT fi-
bers, the high-temperature thermal anneal-
ing process is not feasible because the com-
monly used growth substrates such as
silicon and copper cannot sustain such
high temperatures for such long duration.
In some cases, degradation in mechanical
properties was found for high-temperature
annealed MWNTs.33 Moreover, thermal an-
nealing is too time-consuming and costly.
Therefore, finding an alternative way to fast-
anneal VACNTs has become significant. Re-
cently, CNTs have been found to display
strong microwave absorption accompanied
by a rapid temperature increase to above
1550 °C.34�36 The strong microwave ab-
sorption by CNTs has recently attracted
considerable interest for both theoretical re-
search and potential applications,35�40 es-
pecially for CNT functionalizations,41�49 the
mechanism being still open to question
though. In the present study, we report the
application of microwave radiation for
VACNT fast annealing; the annealed CNTs
show great improvements in mechanical
and electrical properties. What happens to
CNT structure in microwave radiation and
the mechanism of CNT response to micro-
wave are discussed.

RESULTS AND DISCUSSION
VACNT arrays of 1 mm thick were syn-

thesized by the CVD process reported
previously.5,50�52 The influence of micro-
wave radiation on the VACNTs was studied
by investigating the Raman spectra
(LabRAM ARAMIS, Horiba Jobin Yvon, with
a 532-nm-wavelength laser) of the annealed
VACNT samples under various microwave
power outputs and duration. Raman scat-
tering is a well-accepted characterization
method for evaluating the degree of struc-
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ABSTRACT An ultrafast microwave annealing process has been developed to reduce the defect density in

vertically aligned carbon nanotubes (CNTs). Raman and thermogravimetric analyses have shown a distinct defect

reduction in the CNTs annealed in microwave for 3 min. Fibers spun from the as-annealed CNTs, in comparison with

those from the pristine CNTs, show increases of �35% and �65%, respectively, in tensile strength (�0.8 GPa)

and modulus (�90 GPa) during tensile testing; an �20% improvement in electrical conductivity (�80000 S m�1)

was also reported. The mechanism of the microwave response of CNTs was discussed.
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tural order of MWNTs, by using the ratio of the inte-

grated intensity of D band (ID) at �1334 cm�1 to that

of G band (IG) at �1570 cm�1.53 Also investigated is the

ratio of the integrated intensity of D= band (ID=, by least-

squares fitting Lorentzian line shapes to the asymmet-

ric G band in the spectra) at �1610 cm�1 to IG.54,55 Fig-

ure 1 shows the typical Raman spectra (in a selective

shift regime) of the control VACNT sample and the

VACNT samples treated by VFM; the corresponding

ID/IG and ID=/IG are shown in Figure 2.

It is evident that within short duration (i.e., �180 s)

of microwave radiation, ID/IG and ID=/IG decrease with in-

creased duration, indicating an improvement in the

structural order of the microwave-annealed CNTs. We

postulate that what happens during the microwave

annealing process is that the defective sites on the syn-

thesized CNTs reconstruct to form graphitic structure,

leading to the reduced ID/IG and ID=/IG. With extended

microwave radiation duration, ID/IG and ID=/IG rise prob-

ably because of CNT degradation in microwave or be-

cause of CNT oxidation given that a highly effective ar-

gon protection is difficult to achieve in the VFM

chamber.34

Our postulation can be verified by thermogravimet-

ric analysis (TGA) of the VACNTs (Figure 3). TGA has

been used widely to study the oxidative stability of

CNTs so as to evaluate CNT quality, that is, defect den-

sity and purity.31,32,56,57 In our study, TGA measure-

ments were carried out in air, using a heating rate of

10 °C min�1, up to 900 °C. For the control VACNTs, the

temperature where the derivative weight loss peaks is

�675 °C, consistent with the reported values for defec-

tive (raw, unannealed) CNTs.31,56,58 VFM (500 W) treat-

ments of 1 and 3 min shift the peak temperature up to

� 730 °C and �740 °C, respectively, indicating an effec-

tive improvement in oxidative stability, comparable to

high-temperature annealed CNTs.31 In comparison, a

5-min treatment causes a dramatic structural instabil-

ity. The TGA results show no detectable amorphous car-

bon or catalyst residue, indicating high purity of our

synthesized VACNTs; therefore, the oxidative stability

is a reflection of the crystalline defect density of the CNT

structure. Increased defect density leads to increased lo-

cal reactivity to oxygen and, consequently, a lower oxi-

dative stability. Therefore, relatively short microwave ra-

diation duration is effective in reducing the defect

density of the VACNTs, while extended duration de-

grades the VACNTs by introducing more defects.

Further proof comes from X-ray photoelectron spec-

troscopy (XPS) investigations (SSX-100, Al K� source).

XPS results in Figure 4 show the change in the oxygen

signal from the VACNTs. Increased oxygen content on

the CNT surface due to extended microwave duration is

evident. However, not observed is any distinct differ-

ence in oxygen content between the control sample

and the shortly treated sample, probably due to the lim-

ited sensitivity of XPS; the same for the high-resolution

Figure 1. A selected regime of the typical Raman spectra of
the control VACNT sample and the VACNT samples treated
by VFM with 500 W of power at varied duration.

Figure 2. ID/IG (a) and ID=/IG (b) of the control VACNT sample
and the VACNT samples treated by VFM with 500 W of power
at varied duration.

Figure 3. TGA results of the control VACNTs and VFM treated
VACNTs; inset is the derivative weight loss plot against
temperature.
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spectra. High-resolution transmission electron micro-
scope images (HRTEM) are shown in Figure 5. No essen-
tial structural change is observed between the control
VACNTs and the annealed VACNTs, while the degraded
VACNTs show damaged walls. Reconstruction of CNTs
is also observed in the overtreated sample: in contrast
to the wall-to-wall distance of �3.4 Å in the CNTs, the
reconstructured allotrope shows a much smaller inter-
layer distance, �2.3 Å, well matching the characteristic
interlayer distance of hexagonal diamond or diamond-
like carbon.59�62 This indicates very high temperature
and local pressure that the CNTs may experience in the
microwave radiation. Large-scale reconstruction of
the CNTs is not observed in our study, probably be-
cause the ultrafast heating process dose not allow the
large-scale reconstruction to take place kinetically.34

The high treatment temperature, ultrafast heating
and strong interaction between the CNTs and the
microwave field result in reduced defect density of the
CNTs. First, CNTs are known to “store” hydrogen;63,64

the C�H sites in the CNT structure can be healed up by
outgassing of hydrogen under microwave
irradiation.34,35 Second, the oxidized sites formed in
the as-synthesized CNTs may also have been partially
reduced within short treatment duration. Recently,
oxygen-containing functional groups introduced to
CNTs at high temperatures during CNT synthesis have

been found to be unstable.65 During the microwave
treatment, the structural and the adsorbed hydrogen
in the argon environment probably causes the local re-
duction/reconstruction of the oxygen-containing func-
tional sites. This is the possible reason why water vapor
was detected during CNT outgassing in the microwave
field.34,35 With extended microwave treatment dura-
tion, the “stored” hydrogen may have been depleted,
rendering the CNTs subjective to oxidation. Although
the temperature that the CNTs reach in the VFM may
not be as high as that used for the conventional high-
temperature thermal annealing for MWNTs, CNT an-
nealing is still possible when we take into account the
special role of microwave in dramatically increasing re-
action rates and the capability of inducing chemical re-
actions which cannot proceed by thermal heating
alone.66,67 In addition, we note that a relatively low an-
nealing temperature (700 °C) has been proved to be ef-
fective for CNT annealing by healing up the defective
sites in CNT structures caused by acid treatment dur-
ing CNT purification.42

To evaluate the mechanical properties of the CNTs,
we prepared CNT fibers (10 �m in diameter) on the ba-
sis of a twisting and densification spinning process
and measured the tensile properties of the CNT fibers.68

The experimental data are listed in Table 1. The frac-
ture strength and the modulus of the CNT fibers made
of the control VACNTs (CF1) are 0.58 � 0.12 and 54.7 �

3.8 GPa, respectively, comparable to the values for
CNT fibers reported by other researchers.11,13,16,17,69�71

It is evident that 3 min of VFM (500 W) treatment of
the VACNTs improved dramatically the fracture
strength and the modulus of the as-spun CNT fibers
(CF2) up to 0.79 � 0.08 and 89.3 � 22.1 GPa, respec-
tively. The high strength is almost comparable to the
record strength of 1 GPa reported by Windle’s group12

(with 20-mm gauge length of the tested specimens) but
higher than Windle’s high-performance fibers (0.44
GPa) from dog-bone tubes.69 The tensile strength is
even comparable with the strength of superstrong CNT/
polymer composite fibers (0.85 GPa).14,16 In compari-
son, extended duration of microwave treatment de-
grades the CNTs (CF3).

The mechanical property results are consistent with
the Raman, TGA, XPS, and TEM results except that the fi-
bers from the degraded VACNTs possess higher
strength and elastic modulus than those from the con-
trol VACNTs. A possible explanation is the enhancement
in tube�tube anchoring force due to the increased
number of polar groups on the CNT walls by the ex-
tended microwave treatment duration. Given the high
packing density of CNTs in the spun fibers, we believe
that interfacial stress transfer becomes a significant fac-
tor that determines the apparent collective Young’s
modulus.72,73 For the sake of comparison, we list, in
Table 1, the mechanical properties of CNT fibers (CF4,
10 �m in diameter) spun from VACNTs that are grown

Figure 4. XPS surveys of the control VACNTs and the VFM treated
VACNTs; insets are the corresponding high-resolution C1s spectra.

A
RT

IC
LE

VOL. 4 ▪ NO. 3 ▪ LIN ET AL. www.acsnano.org1718



with the assistance of a trace amount of water;68 the as-

synthesized VACNTs show nearly no surface functional

groups.51 In contrast, the control VACNTs used in this

study are mildly surface functionalized by the hydrogen

peroxide during the CVD process.51 The fracture

strength and modulus of CF1 are �16% and �580%, re-

spectively, higher than those of CF4. Therefore, surface

polar groups do account for the elastic modulus of the

CNT fibers.

Besides the mechanical properties, we also mea-

sured the electrical conductivities of the CNT fibers.

The electrical conductivity of CF1 and CF2 are 6.9 �

0.7 � 104 and 8.3 � 1.3 � 104 S m�1, respectively, also

indicating an effective CNT quality improvement af-
ter the microwave treatment. The high electrical
conductivity is comparable to the highest-known
value measured for a CNT assembly to date.74 In
comparison, the electrical conductivity of CF3 is
much lower, �2 � 104 S m�1. Illustration of the elec-
trical conductivity measurement technique with ef-
fectively reduced contact resistance is included in
the Supporting Information.

Finally, we would like to discuss briefly about
CNT response in microwave radiation, of which the
mechanism is still controversial today.40 Wadhawan
et al.35 compared the microwave responses of raw
and purified single-walled carbon nanotubes
(SWNTs) and attributed the strong microwave ab-
sorption of the raw SWNTs to the high concentra-
tion of catalyst residue. In contrast, Imholt et al.34 re-
ported nearly no difference in the microwave
response between raw and purified SWNTs. Re-
cently, Naab et al.36 found a fairly weak correlation
between catalyst residue and microwave response
of CNTs; instead, structural properties of CNTs
seemed to play the key role. In our study, the
VACNTs are pretty clean, with almost no or very
little iron residue after they are peeled off the
growth substrate.75 The high purity of the VACNTs,
as mentioned before, can also be seen from the TGA
and HRTEM results. The free-standing VACNTs, how-
ever, show no distinct difference in microwave re-
sponse compared to the on-substrate VACNTs.
Thus, the response of CNTs in microwave is not de-
termined by metal particle residue. We also notice
that the VACNTs, before and after microwave an-

nealing at varied duration (shorted than 3 min), show al-
most the same fast microwave response, which indi-
cates a weak influence of structural defects on CNT
response in microwave radiation. So what is the key fac-
tor that determines the CNT response in a microwave
field? Actually, we do observe some interesting phe-
nomena, named “cloning of microwave response of
CNTs” by us, which are summarized as follows: (1) the
microwave response of the as-grown VACNTs-in terms
of the capability of being fast heated in microwave
radiation-coincides with that of the growth substrate;
(2) after a VACNT array is peeled off the growth sub-
strate, both the free-standing CNT array and the growth
substrate retain their original responses to microwave;
(3) each layer of VACNTs in a bilayer structure (synthe-
sized using the method in ref 75) exhibits almost the
same microwave response. Therefore, microwave re-
sponse of CNTs seems to be an intrinsic property of the
CNTs, which is directly determined by the microwave
response of the growth substrate. The mechanism of
CNT fast heating in microwave, thus, has become more
complicated than what people have ever thought be-
fore. If, as Naab concluded and as we propose here, CNT
structure is the dominating factor that determines its

Figure 5. TEM images of the control VACNTs (a and b), the
VACNTs treated by VFM with 500 W of power for 180 s (c and
d) and the VACNTs treated by VFM with 500 W of power for
300 s (e and f). Image f shows the reconstruction of CNTs to
form a different carbon allotrope observed in the overtreated
sample.

TABLE 1. Data of the Mechanical Properties for the CNT
Fibersa

CF1 CF2 CF3 CF4

fracture strength (GPa) 0.58(0.12) 0.79(0.08) 0.63(0.14) 0.50(0.10)
elastic modulus (GPa) 54.7(3.8) 89.3(22.1) 73.5(7.3) 8.0(1.0)

aCF1, CF2, and CF3 represent the fibers spun from the control VACNTs, the VACNTs
after 3 min of VFM (500 W) treatment, and those after 5 min of VFM (500 W) treat-
ment, respectively; CF4 represents the fibers spun from VACNTs grown with the as-
sistance of a trace amount of water rather than hydrogen peroxide.68 The number in
the brackets is the standard deviation.
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microwave response, then how can we correlate the
CNT structure to the microwave response of the growth
substrate?

CONCLUSIONS
An ultrafast microwave annealing process has been

introduced to improve CNT quality and is important
for CNT applications. The as-annealed CNTs showed

dramatic improvement in thermal stability, mechanical
properties, and electrical conductivity. CNT response in
microwave has been discussed and its mechanism
seems to be more complicated than expected. We be-
lieve that the cloning phenomenon discovered-in terms
of microwave response of CNTs-confers benefits in fur-
ther understanding of CNT structure and the relation
between CNT structure and catalyst particles.

EXPERIMENTAL SECTION
VACNT arrays of 1 mm thick were synthesized by, as re-

ported in previous publications,5,50�52 a CVD process at 750 °C
with gas flow rate ratio as Ar/H2/C2H4 � 380/150/150 sccm and
a small amount of Ar bubbled through H2O2 (5 wt %) into the fur-
nace chamber. A 7-nm-thick Al2O3 support layer and a 2.2-nm-
thick iron catalyst layer were deposited onto a thermally oxidized
silicon substrate, sequentially and respectively, by atomic layer
deposition (ALD) and e-beam evaporation. Introduction of ALD
to preparing Al2O3 is a noteworthy modification to the catalyst
recipe used previously.10,76 The significance of ALD in the sup-
port layer preparation has been discussed in details in a recent
publication.77

Microwave treatment of the synthesized vACNTs was car-
ried out in a variable-frequency microwave (VFM) chamber
(MicroCure2100, Lambda Technologies) with the following pa-
rameters: 6.425 GHz (central frequency), 1.150 GHz (bandwidth),
and 0.1 s (sweep time). The microwave system could be pro-
grammed to operate at different power levels and duration. In-
side the microwave chamber was a self-setup argon-filled glass
chamber, in which the VACNT samples were placed. Upon micro-
wave radiation, intensive light emitting, fast heating, and outgas-
sing were observed from the VACNT samples (Supporting Infor-
mation). VFM techniques have the advantage of being capable
of overcoming the nonuniformities in temperature and arcing
associated with traditional microwave processing. In our study,
500 W microwave output was able to heat the VACNT samples
above 400 °C within a few seconds. It has been found that such
highly microwave-responsive CNTs could be fast-heated to “su-
per” high temperatures (e.g., �3000 K).38 However, monitoring
the actual temperature of the CNTs in the VFM chamber during
microwave radiation is extremely challenging since infrared
emissivity of CNTs especially at high temperatures is unknown.
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