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Spinning and Processing Continuous Yarns from 4-Inch Wafer
Scale Super-Aligned Carbon Nanotube Arrays**

By Xiaobo Zhang, Kaili Jiang,* Chen Feng, Peng Liu, Lina Zhang, Jing Kong, Taihua Zhang,

Qungqing Li, and Shoushan Fan*

Carbon nanotubes (CNTs) are an extremely interesting
type of material due to their unique 1D structure, and their
excellent mechanical, thermal, and electrical properties.!"
Many promising applications have been demonstrated.”! To
exploit their excellent physical properties at a macroscopic
level, it is desirable to create CNTs with macroscopic length.
However, it has been very challenging to grow arbitrarily long
CNTs.Bl An alternative approach is to create long nanotube
structures with many of them aligned into continuous yarns or
ropes.[M]

In 2002, a breakthrough was made by our group to fabricate
pure CNT yarns by directly drawing CNTs from super-aligned
CNT arrays.[s] Following that, Zhang et al. developed a draw—
twisting spin method!® and demonstrated more interesting ap-
plications of the raw yarns.!”! Since CNTs in the yarn are
nearly parallel aligned, the CNT yarn is intrinsically an aniso-
tropic material and has a special axis along the drawing direc-
tion, which demonstrates many fascinating properties and
applications such as filaments for light bulbs,® polarizers
working in the UV region,” thermal-field emitters,®! polar-
ized-light emitters,”! transparent conducting membranes,”)
etc. As these yarns are macroscopic objects, there is no doubt
that they will be sought after for more and more applications
as time goes on.
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However, to achieve real applications in the industry, some
key issues have to be solved in advance. Currently many
groups have achieved the growth of CNT arrays,”'”! but of
these only two groups have reported spinning yarns from their
arrays.””! The first question is why our CNT arrays can give
rise to CNT yarn while others cannot? What is the critical fac-
tor that determines the ability for yarn formation? In our first
paper[S] and the recent paper of Zhang et al.,l*" the reported
syntheses were carried out at atmospheric pressure (AP) in a
tube furnace with diameters of 1-2 in. Can this synthesis be
expanded to a larger scale at low pressure (LP) for commer-
cial chemical vapor deposition (CVD) systems? The third
problem is that, even though many applications have been
demonstrated, the directly drawn-out yarns are very sticky
due to their clean surfaces and extremely high surface-
to-volume ratio. It can easily to stick to the surfaces of other
objects and can never be separated again, which greatly inhib-
its the real application of CNT yarns. Here, we show how
these crucial problems were tackled by our group in the past
two years.

CNT arrays (or termed “CNT forests”) represent high-qual-
ity and highly ordered CNT structures, in which CNTs are
nearly parallel aligned and perpendicular to the substrate. To
date, a lot of groups have successfully synthesized CNT arrays
since the initial papers were published.”') However, only two
groups have reported that CNT yarns can be drawn from their
arrays,""! which were defined as super-aligned arrays by us."
We have tried to pull yarns from CNT arrays derived by a pre-
viously published method,'”! which is denoted as a normal ar-
ray, no yarns could be drawn out even though the height of
the CNT array was above 1 mm. Now the question is what the
difference is between normal and super-aligned arrays?

Zhang et al. claimed that the formation of yarn was due to
the disordered region at the top and bottom of the CNT array,
which entangled together forming a loop.*”) However we can-
not agree with them based on the following points. First, in
the normal array, the top and bottom part are more disor-
dered and entangled than in the super-aligned array. Second,
in our super-aligned array, the bottom part is highly ordered
(see supporting information, Fig. S1) and without entangle-
ment. Therefore, the disordered entanglement at the top may
help the formation of yarn, but it cannot be the key factor for
yarn formation.

To elucidate the difference between normal and super-
aligned arrays, we performed comparative studies. Figure 1A
is the transmission electron microscopy (TEM) image of
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Figure 1. TEM images of CNTs in A) normal arrays, B) super-aligned ar-
rays. C) HRTEM image of as-grown CNTs from super-aligned arrays.

CNTs derived from the normal arrays, which are synthesized
by using a previously reported method.'”! Figure 1B shows
the TEM image of CNTs derived from super-aligned arrays. It
is clear that CNTs from normal arrays are isolated from each
other while CNTs from super-aligned arrays form tight bun-
dles, indicating strong van der Waals interactions between the
tubes. We therefore believe that CNTs in super-aligned CNT
arrays have very clean surfaces, which is confirmed by the
high-resolution TEM (HRTEM) of as-grown CNTs from the
super-aligned arrays (Fig. 1C). Therefore, the unique features
of super-aligned CNT arrays are that the CNTs have very
clean surfaces, and consequently there are strong van der
Waals interactions between them. When pulling the CNTs
from a super-aligned array, it is the van der Waals force that
makes the CNTs join end to end, thus, forming a continuous
yarn, which is illustrated in Figure 2E.

To further validate our ideas, we recorded the pulling yarn
process under a scanning electron microscope (see supporting
information, Fig. S2) and an optical microscope (see supporting
information, Fig. S3). From these observations it can be seen
that CNT bundles are peeled off from the super-aligned array,
indicating a strong binding force between the bundles and the
array. Also the bundles were joined end to end forming a con-
tinuous yarn. It is clear that the model we proposed (Fig. 2E)
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basically reflects the true situation of an individual thread in the
yarn. There are also some CNT bundles bridging these threads,
forming a continuous ribbon several micrometers thick and
several centimeters wide. The bridging effect dramatically en-
hanced the robustness of the yarn. Also the junction part shown
in Figure 2E can be clearly identified in scanning electron mi-
croscopy (SEM) images of the yarn, as shown in Figure 2G.

To achieve real applications of CNT yarns in industry, it is
critical that the synthesis of super-aligned CNT arrays can be
scaled up. The major problem in scaling up is the question of
how to guarantee the uniformity of the as-grown arrays. To
solve this problem, it is highly recommended to achieve the
synthesis in commercial LP-CVD, which gives rise to a higher
degree of uniformity. In our first paper[S] and in a recent paper
of Zhang et al.l*"l the reported syntheses were carried out at
atmospheric pressure (AP) in a tube furnace with diameters
of 1-2 in. In the past two years, we have focussed on the
scale-up of a synthesis procedure in a LP-CVD system. Re-
cently, we successfully achieved a 4-in. wafer scale synthesis of
super-aligned CNT arrays (Fig. 2A) in a LP-CVD system. De-
tailed considerations on the experimental parameters can be
found in the Experimental section.

In 2002 we demonstrated that CNT yarns can be manually
drawn from the super-aligned arrays with tweezers.”] We have
developed a more controllable method, i.e., using an electrical
motor to perform the pulling with a constant speed and direc-
tion. Figure 2B shows that continuous CNT yarn can be pulled
from the 4-in. super-aligned array using an electric motor.

The freshly drawn yarns, which appear as very thin ribbons
typically several micrometers thick and several centimeters
wide, are very sticky due to their clean surfaces and extremely
high surface-to-volume ratio. Once contacting with the sur-
face of another object, it will stick to this surface and can not
be taken off again. This problem greatly inhibits real applica-
tions of the CNT yarn.

To solve this problem, a new method was invented to pro-
cess the yarns. After being drawn out from the super-aligned
array, as is shown in Figure 2B, the CNT yarn was subse-
quently pulled through droplets of ethanol, after which the
several centimeters wide yarn shrank into a tight fiber typical-
ly 20-30 um in diameter (Fig. 2F,H, and I). Due to its reduced
surface area, the treated yarn is no longer as sticky as the
fresh yarn, and can be easily wound on and off a spool using a
motor or by hand (Fig. 2B). Also the strength of the CNT
yarn was dramatically improved, which will be shown later.

The mechanism of this process is not very clear right now.
We suspect that surface tension plays a vital role in this pro-
cess. To our knowledge, CNTs are hydrophobic but can be
wetted by most of volatile organic solvents, such as methanol,
ethanol, acetone, dichloroethane, chloroform, etc. We have
tested all these solvents in the aforementioned process, and
have found that all can be employed to process the raw yarn.
One possible explanation is that the meniscus around the yarn
pinched the yarn tightly when the yarn was being pulled out
from the solvent, as is shown in Figure 2C and D and the
video (S4) in the Supporting Information.
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Figure 2. Spinning continuous yarns from super-aligned CNT arrays. A) As-grown super-aligned CNT arrays on 4 inch wafer. B) Spinning continuous
yarns from super-aligned CNT arrays. C) Schematic illustration of processing yarn in ethanol, showing the pinch effect of the meniscus. D) Two yarns
merging into one tight fiber after passing through an ethanol droplet. E) Pulling yarn model. F) SEM image of yarn after passing through ethanol. Scale
bar 20 pm. G) SEM image of freshly drawn yarns. Scale bar 5 pm. H) A higher magnification SEM image of (F), scale bar T um. I) The cross section
of CNTyarns treated by ethanol, scale bar 20 pm.

Note that the volatile solvent is easily evaporated, leaving  and most importantly, the processed yarn is no longer sticky
the pure CNT yarn free of contamination after processing.  due to a reduced surface area and it can be easily manipulated
There are several advantages to this processing method: First by hand, which makes it much more convenient to freely con-
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struct macroscopic objects with any desired shape. As a dem-
onstration, a processed yarn was bent to an angle and
mounted on two electrodes serving as a thermal electron
emitter, which can be easily installed to replace a tungsten
wire hot cathode working at above 2000 oC 18l

The second advantage is that the strength of processed
CNT yarns was dramatically improved. Figure 3 shows the
tensile testing results of a CNT yarn after ethanol treatment
and after further heat treatment. The ethanol-processed yarn
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Figure 3. Mechanical properties of CNT yarns. Stress—strain curves of
ethanol-treated and further heat-treated CNT yarns tested using an In-
stron 5848 microtester at a strain rate of 2% min™ for a three-centimeter
gauge length.

fails at a strain of 2.45 %. The tensile strength is approxi-
mately 600 MPa (see Experimental section). This result is
higher than that of the single and double poly-yarns reported
by Zhang et al.® and slightly lower than that of poly(vinyl al-
cohol) (PVA) infiltrated multi-walled nanotube (MWNT)
yarns.[6] We further heated the yarn to about 2000 K for sever-
al hours by electric current, after which the yarn became stif-
fer than before. The tensile testing result is shown in Figure 3.
The tensile strength for the heat-treated yarn is 564 MPa,
which is slightly smaller than the yarn without heat treatment.
This decreasing in tensile strength may originate from the
current heating method. As we know, if there is a defect in the
yarn, an extraordinary large amount of joule heat will be re-
leased here, which will subsequently enlarge the defect via
evaporation of carbon atoms. This will eventually break the
yarn as time goes on. The current heat-treatment method was
chosen because we lacked a high-temperature vacuum fur-
nace. However, the Young’s modulus is dramatically en-
hanced after heat treatment (74 GPa), and is twice as high as
that of the untreated yarn. We attribute this enhancement to
the welding effect at the joint part shown in Figure 2E, be-
cause the strain-to-failure is greatly decreased while the
Young’s modulus is increased.

Lastly, this processing method can also be employed to
combine two yarns together forming one thicker yarn, which
is shown in Figure 2D. Furthermore, by simply passing
through the solvent droplet simultaneously, two or more pro-
cessed yarns can be merged together forming a thicker one.
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One of the unique features of these processed yarns is that
they are both elastic and remarkably pliable. As will be shown
below, the processed yarn can be easily wound and manipu-
lated without any damage, compared to carbon fibers, which
are very fragile and break easily under bending. The differ-
ence between the yarns and carbon fibers is very similar to
the difference between a steel wire-rope and a steel rod. The
small diameter and weak intertube bonding make it easier to
eliminate the bending stress via repositioning of the CNTs. In
addition, the nanotubes in our CNT yarns are easily buckled
under bending stress due to their tube structure, which is also
very helpful for eliminating the bending stress.

Another unique feature is the memory effect after heat
treatment, i.e., if we mould the CNT yarn to a certain shape,
the shape will be remembered after the heat treatment. This
memory effect is probably due to the welding effect at the
joint part as mentioned before, which will fix the shape after
heat treatment.

These excellent properties mentioned above enabled us to
manipulate the yarns easily and make any desired shape. As a
demonstration, we constructed a spring by using processed
CNT yarns. A more than 3 m long yarn was first cut into
10 segments with equal length. Then these segments were
aligned parallel to each other and passed through an ethanol
droplet. As a result, the 10 segments merged into one thick
rope, which was subsequently wound on a sapphire rod with a
diameter of 5 mm (Fig. 4A). If the two ends of the rope are
not fixed, the rope is automatically unwound again due to the
elasticity. We therefore fixed the two ends on two copper elec-
trodes by silver paste, as is shown in Figure 4A. Then a DC
current was applied to heat the rope to about 2000 K (see
Fig. 4B) in vacuum for several hours.

When the rope was taken off the sapphire rod, it retained
its helical shape, forming a free-standing CNT spring
(Fig. 4C). This CNT spring, which is 5 mm in diameter and
several centimeters in length, can be easily and elastically
stretched to twice its length. When the external force disap-
pears, the CNT spring will be restored to its original length.
Figure 4D shows three repeating results of the tensile testing
for the CNT spring, indicating its good elasticity and the re-
peatability of the process. Note that the noise superposed on
the tensile curve originates from the electronic circuits of the
testing machine. The three results fall within the noise level of
the machine. According to the testing results the CNT spring,
which weighs 1.6 mg, has a spring constant of 0.1 N'm™. This
small spring constant is of the same order as that of AFM tips.
Therefore, this CNT spring can serve as a force sensor to
weigh tiny objects. In fact, this memory effect can be conveni-
ently employed to construct various macroscopic objects with
any desired shape.

In summary, the key factor that determines the CNT arrays’
ability for yarn formation was identified to be able to keep
the surfaces of the CNTs clean. By following this principle, we
have successfully scaled up the production of super-aligned
CNT arrays on 4 in. silicon wafers, and extended the synthesis
from AP to LP-CVD, which is compatible with current semi-
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atures ranging from 620 to 700 °C, which can
give rise to super-aligned CNT arrays. How-
ever when we extended the synthesis to LP
about 2 Torr, the low partial pressure can
be automatically guaranteed since the total
pressure is extremely low. In this case, we
increased the mole ratio of acetylene to
carrier gas to boost the axial growth rate.
Uniform super-aligned arrays on a 4 in. wa-
fer (Fig. 2A) can be achieved under the con-
ditions of 500 sccm acetylene plus 50 sccm
hydrogen at temperatures ranging from 680

to 720 °C. During the synthesis, the 4 in. sub-
strate was placed horizontally in the middle
of the tube furnaces. We also performed the
growth by stacking a 2 in. substrate below
the 4 in. one. Both give rise to a uniform
super-aligned CNT array, indicating that the
excellent uniformity can also be achieved
along the perpendicular direction. This dem-

0 10

Figure 4. Making a CNT spring by using CNT yarns. A) CNT yarns wound on a sapphire rod. Two
ends are fixed on the copper electrodes by silver paste. B) Heat treatment of CNT yarns by an elec-
tric current. C) CNT yarns turned into the CNT spring after heat treatment. D) The results of three

repeated tensile tests, showing good repeatability and elasticity.

conductor processes. A novel method was used to process the
as-drawn CNT yarns, by which the CNT yarns could be turned
into a tight thread showing excellent mechanical properties.
The processed yarn is both elastic and pliable and can be
freely manipulated and molded to any desired shape, which
will be retained after heat treatment. Owing to the highly or-
dered macroscopic structures of 1D nanomaterials, good elec-
trical and thermal conductivity of the nanotube components,
good mechanical properties, and extremely facile manipul-
ability, the processed yarn will have much more versatile ap-
plications in the future.

Experimental

Since the key factor for yarn formation is the strong van der Waals
interaction between the CNTs, the principle for controlled synthesis
of super-aligned CNT arrays is to keep the surfaces of the CNTs clean
during growth. As is well known, for CNT growth by a CVD method,
hydrocarbon precursors are first cracked by a catalyst heteroge-
neously and then carbon atoms are incorporated into the CNTs after
transportation through the catalyst. This is the normal axial growth
process of CNTs. However, there are other processes involved in the
CVD growth of CNTs. The first one is that hydrocarbon molecules de-
compose over the surface of the CNTs, another one is that pyrolysed
carbon atoms can directly be deposited on the surface. Both processes
result in the formation of amorphous carbon (AC) over newly grown
surfaces, which will substantially decrease the van der Waals force be-
tween the CNTs. Therefore, to achieve the synthesis of super-aligned
arrays, one has to control some of the parameters, such as partial pres-
sure and temperature, to guarantee a much higher axial growth rate
than AC deposition rate.

Since the AC deposition rate is very high at AP, we have to keep a
very low mole ratio of acetylene to carrier gas, which can be argon,
helium, or nitrogen. In case of an 1 in. tube furnace, the synthesis was
carried out with 12 sccm acetylene plus 425 sccm argon gas at temper-
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20 30 40 onstrates that multi-wafer growth of super-
aligned CNT arrays in a big furnace is possi-
ble. In fact, this scale-up process can further
be expanded to even larger scale in LP-CVD
systems.

Practically, the following precautions turn
out to be important in the synthesis of super-
aligned CNT arrays. 1) According to our re-
sults, the optimal temperature range for AP-
CVD is from 620 to 700°C, and for LP
(2 Torr) CVD is from 680 to 720 °C. 2) The main requirement for the
substrates is a polished flat surface. We have tried a silicon wafer, a
thermal-oxidized silicon wafer, and a quartz plate as substrates, all can
give rise to super-aligned arrays. Porous silicon, however, is not a very
good substrate for super-aligned arrays. 3) Another key step is prepar-
ing densely packed catalyst particles with a narrow size distribution,
which will result in CNTs with nearly the same diameter. Consequently
the CNTs will have the same axial growth rate, which results in a per-
fect van der Waals bonding from top to end. To meet this requirement,
we use an electron-beam evaporator to prepare the iron film to be
3.5-5.5 nm thick at a very low deposition rate of about 0.1 As™.

For the tensile testing of CNT yarns, we use an Instron 5848 micro-
tester at a strain rate of 2 % min~" for a 3 cm gauge length. Note that
the cross section of the yarn is usually irregular with some hollow cav-
ity inside (Fig. 2I). Therefore, to get the tensile strength of the yarn,
the first thing is to obtain the area of cross section exactly. According
to the HRTEM image of as-grown CNTs, the outer diameter is
about 15 nm and the inner diameter is about 5 nm. We therefore take
the density of our CNT as 8:9 of the density of graphite (2.26 gcm™).
By measuring the weight of a 2.6 m long ethanol treated yarn,
which is 1.3 mg, we can obtain the effective area of cross section of
2.5x10° cm?, which is used to convert the measured force to the
stress factor.
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