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ABSTRACT: Gradient stripe patterns of multiwalled carbon
nanotubes (MWCNTSs) with remarkable regularity over large
areas were fabricated by using evaporation-induced self-assembly
technique. In this method, a glass coverslip was inclinedly
immersed into a suspension of MWCNTs in dichloroethane. By
controlling the solvent evaporation temperature, well-defined
gradient stripes were formed at the air—solvent—substrate
contact line. The effects of several experimental parameters,
such as the substrate tilt angle, concentration of MWCNTs, and
evaporation temperature, on the regularity of stripes were
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discussed. A possible stripe formation process was described as a negative feedback of MWCNT concentration caused by a
concavely curved shape of the meniscus. Additionally, the strips of MWCNTs on Si/SiO, substrate were directly used to fabricate
field-effect transistor (FET) devices. The electrical properties of the MWCNT-FET devices were also investigated.

KEYWORDS: gradient stripe, pattern, mutiwalled carbon nanotubes, evaporation, self-assembly, field-effect transistor

B INTRODUCTION

Because of the unique structural and electronic properties of
carbon nanotubes (CNTs), they have been investigated for
numerous applications that include microelectronics," ™
sensors,”” and field-emission devices.>™'! Although some of
these applications can be realized through in situ growth,'>'*
many others will require organization strategies that control-
lably deposit CNTs in desired locations with nanoscale
dimensions over a large area.’*™2° Therefore, the selective
assembly of CNTs on substrates offers further possibilities for
the parallel fabrication of large-scale CNT electronics. Recently,
two main manipulation techniques including in situ syn-
thesis>’ 7>* and postsynthesis treatment>> ' have been
developed for the deposition or patterning of CNTs onto
substrates, in which the in situ synthesis involves direct CNTs
growth on catalytic templates, while the postsynthesis treat-
ment involves depositing of suspended CNT's in solution onto
a prepatterned substrate. Although the latter method may be
time-consuming and complex, the postassembly process of
prefabricated tubes implies advantages, as the usually harsh
synthesis conditions can be omitted. As a result, the method
serves to expand the number of possible applications and can
also be applied on substrates that are incompatible with these
conditions.””**~** Additionally, the postprocessing of as-grown
CNTs has allowed CNTs to be controlled in length, purified,
modified with functional groups, dispersed in desired solvents,
and eventually patterned on substrate with high resolution.*>~*”

Recent developments of postsynthesis techniques to deposit
or pattern CNTs are classified into three main categories:
chemical methods, physical methods, and external field

- ACS Publications  © 2012 American Chemical Society

3811

methods. Generally, chemical approaches rely on covalent
bonds or noncovalent interactions to attach and pattern the
functionalized CNTs to the prepatterned surface.*** Physical
methods heavily depend on physical forces to deposit the
CNTs. For example, printing”®***' and lithography techni-

Y4243 are highly suited for patterning CNTs and are
typically quite fast and simple. But the resolution is limited due
to the stamp or mask distortion, whereas the lifetime and
reproducibility are unproven. The external field methods rely
on the electric'®** or magnetic field forces* to place CNTs.
However, successful implementation of CNTs also requires
alternative strategies to deposit and pattern CNTSs over large
areas, especially if gradient variation of patterning (e.g., stripe
width) is desirable.

Recently, gradient concentric rings of CNTs over large
surface areas have been successfully produced by combining
two consecutive self-assembly processes, namely, spontaneous
evaporation-induced self-assembly of polymers in a sphere-on-
flat geometry, followed by subsequent directed self-assembly of
CNTs on the polymer-templated surfaces.”® Additionally, self-
organized ribbons of aligned CNTs have also been fabricated
by drying mediated self-assembly process at 100 °C.*® The self-
organization of the aligned nanotube ribbons was interpreted as
relating to two factors: oxidization of the CNTs and prolonged
heating of the CNTs aqueous suspension. The oxidation of
CNTs with strong acid results in the introduction of hydroxyl
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and carboxyl groups on the surface of CNTs, which can play a
bonding role between the CNTs to form the ribbons. Heating
the suspension may provide the driving force for alignment of
the nanotubes. Without heating the suspension, the CNTs
cannot self-align. Indeed, a continuous CNTs film was formed
on the substrate when a room temperature dip-coating
technique was used.*” In this method, a hydrophilic glass
slide was vertically immersed into an aqueous dispersion of
acid-treated CNTs. As the water gradually evaporated, the
CNTs were observed to assemble only along the air—liquid-
substrate triple line of the glass surface. A continuous CNTs
film was formed when the water was completely evaporated. By
combining the substrate prepatterning techniques, this dip-
coating procedure was suitable to fabricate CNT patterns with
uniform surface coverage. However, this method relies heavily
on prepatterned substrate. Moreover, it can be time-consuming,
expensive, complex, and reproducibility may be difficult to
ensure. On the other hand, CNT patterns can also be
constructed by the evaporation-driven self-assembly of non-
covalently functionalized CNTs in aqueous solution. For
example, CNT superlattice structure with 8good alignment was
produced by this self-assembly method.*® In this case, 99%
purity semiconducting arc-discharge CNTs suspended in 1%
sodium dodecyl sulfate (SDS) aqueous solution, with a
diameter range 1.3 < d < 1.7 nm, was used for assembly. But
the mechanism for the large scale alignment of the nanotube
superlattice remains unclear. In addition, lattice-like pattern of
CNTs from evaporation of aqueous droplets of CNTs coated
with a physisorbed layer of humic acid (HA) in special
geometries of the substrate surfaces has very recently been
reported by Zeng and co-workers.*” It was found that the
substrate surface geometry played an important role in the
pattern formation of CNTs. Ordered lattice-like patterns with
filaments of CNTs in both parallel and perpendicular to the
boundary line of the evaporating droplet were obtained after
evaporation of CNT dispersion in wedge and curved-wedge
configurations. Conversely, no ordered structure was formed on
the flat substrate surface geometries. A detailed explanation of
the formation of the resulting patterns was proposed on the
basis of two competing or cooperative sedimentation
mechanisms: (1) capillary forces between CNTs giving
micrometer-sized filaments parallel to the boundary line of
the evaporating droplet and (2) fingering instability at the
boundary line of the evaporating droplet and subsequent
pinning of CNTs on the surface giving micrometer-sized
filaments of CNTs perpendicular to this boundary line.
Unfortunately, these fabrication approaches need to introduce
small organic molecules to the self-assembly system, which are
difficult to be removed from the CNT patterns. The
incorporation of organic additives induces heterogeneous
impurities and is detrimental to the properties of CNTs, thus
limiting their applications. Therefore, it remains a great
challenge to develop simple and straightforward methods
(without any additives) for the fabrication of CNT patterns.
In the present work, we constructed gradient stripe patterns
of multiwalled carbon nanotubes (MWCNTSs) over large areas
using a simple and straightforward self-assembly technique. In
this method, a glass coverslip was inclinedly immersed into a
suspension of MWCNTs in 1,2-dichloroethane (DCE). By
controlling the solvent evaporation temperature, well-defined
stripes having a gradient width were spontaneously formed on
the glass substrate. The gradient in stripe widths was
determined by the progressively increased concentration of
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MWCNTs in the suspension as the solvent was gradually
evaporated, because the MWCNT concentration determined
the MWCNT's supplied to the stripe growing region, which was
therefore related to the stripe width. Meanwhile, the substrate
should be tilted at an angle to horizontal to guarantee the
gradient characteristic of the self-assembled MWCNT stripes.

B EXPERIMENTAL SECTION

Materials. The MWCNTSs with a diameter of 10—20 nm and a
length of ca. S—15 pm, produced by chemical vapor deposition (CVD)
method, were purchased from Chengdu Institute of Organic
Chemistry (Chinese Academy of Science). The raw materials were
purified by refluxing in 2.6 M HNOj; for 12 h and filtering under
vacuum. The structure of MWCNT' remains basically intact after mild
acid treatment as evidenced by Raman spectroscopy and thermogravi-
metric analysis (TGA). As shown in Figure 1, the as-received and acid
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Figure 1. (A) TGA curves and (B) Raman spectra of (a) as-received
MWCNTs and (b) 2.6 M nitric acid treated MWCNTs.

treated MWCNT samples show very little change in their Raman
spectra. For example, the intensity ratio between Raman D and G
bands (Ip/I;) is found to be 1.63 and 1.72, respectively, for MWCNTs
before and after purification, which is a clear indication that the
nanotube structure, as a whole, remains almost intact. Supporting
evidence comes from TGA analysis, only minor mass loss (<3 wt %) is
observed for acid-treated MWCNTs below 500 °C if the mass loss of
the as-received MWCNTs is used as the reference. Such minor lose
may be attributed to decarboxylation and elimination of hydroxyl
functionalities. The purified MWCNTSs can be well-dispersed in DCE.
After separation by centrifugation at 4250 g for 30 min, a
homogeneous suspension was stabilized up to 100 mg/L without
flocculation for several weeks.

The glass coverslips (18 X 18 mm?®) were first washed with
detergent and then boiled in 80 °C piranha solution (3/1, 98% sulfuric
acid and 30% hydrogen peroxide) for 10 min to remove the organic
contaminants. Afterward, the substrates were ultrasonicated in acetone,
absolute ethanol, and deionized water for 10 min, respectively, and
blown dry with a stream of nitrogen. The Si/SiO, substrates (15 x 15
mm?*) were purchased from Shanghai Institute of Optics and Fine
Mechanics (Chinese Academy of Sciences).
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Fabrication of Stripe Patterns. Figure 2 illustrates a schematic of
the experiment setup. In a typical procedure, a glass vessel (10 mL
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Figure 2. Schematic illustration of the experimental setup. X;, X,, and
X; are the distances of stripes away from the uppermost edge of the
substrate at uppermost region (X,), intermediate region (X,), and
bottommost region (X;), respectively.

beaker, diameter = 25 mm) containing a MWCNT/DCE suspension
with the given concentration (i.e., 2, 10, 20, 100 mg/L) was preheated
in a water bath to the temperature that was corresponding to the
internal temperature T; of the incubator. The beaker was uncovered
and a cleaned glass coverslip was immersed into the suspension with
the tilt angle set as 45, 60, or 90°. Subsequently, the liquid level was
adjusted to the same plane with the upper edge of the substrate and
the vessel was carefully placed into the incubator. The evaporation rate
was varied in a range of 9.0—21.0 #L/min by changing the temperature
from 40 to 70 °C.

In a second experiment, the above procedure was repeated, but the
substrate was replaced by Si/SiO, plate for the purpose of fabricating
MWCNT-based field-effect transistor (FET) devices. The internal
temperature T; and substrate tilt angle were maintained at 60 °C and
45°, respectively, while the concentration of MWCNT/DCE
suspension was varied from 2.0 to 10 mg/L. The strips of MWCNTSs
produced at a MWCNT concentration of 5.0 mg/L were subsequently
used to fabricate MWCNT-FET devices.

Fabrication of MWCNT-FET Devices. After the MWCNT self-
assembly process, the produced MWCNT stripes were rinsed in
ethanol, followed by thermal treatment at 120 °C for 2 h. Two
platinum electrodes were sputter deposited and defined as the source
and drain electrodes using a metal maskplate. The Si/SiO, substrate is
a highly doped p-type substrate that can be used as a back gate. The
total area of the metal maskplate is 1 cm® and the areas of source and
drain are both 4.5 mm® The channel length and width of the FETs are
200 and 1500 pm, respectively. Before measurements, the as-fabricated
MWCNT-FETs were rapidly annealed at 400 °C for 2 min.

Characterization. The morphology and regularity of the stripe
patterns were observed by optical microscopy (Leica DM4500 P,
Germany). Prior to imaging, the CNTs deposited on the backside of
the substrate were slightly washed away with absolute ethanol for the
purpose of interference elimination. A field emission scanning
electronic microscope (SEM) (Hitachi, S-4800) was used to observe
the microscopic structure of the stripes. Electrical properties of
MWCNT-FETs were measured using a Keithley 4200-SCS semi-
conductor parameter analyzer.

B RESULTS AND DISCUSSION

Formation of Gradient MWCNT Stripe Patterns. To
fabricate gradient MWCNT stripes over a large area, the
hydrophilic coverslip was inclinedly immersed into the
MWCNT/DCE suspension. At first the substrate was set at a
tilt angle of 45°. Figure 3 shows typical SEM images of gradient
stripes fabricated from the evaporation-mediated self-assembly
of a 10 mg/L MWCNT/DCE suspension at 50 °C. As shown
in Figure 3a, gradient MWCNT stripes with remarkable
regularity over a large area were formed. The entire stripe
pattern was formed over 300 mm? surface area with relatively
high uniformity (Figure 3h). It is worth noting that the stripe
width increased with increased proximity to the bottom of the
substrate (i.e, from X; to X;), which can be attributed to the

Figure 3. (a) Representative SEM image of the gradient stripe pattern formed from MWCNT/DCE suspension (10 mg/L) at T; = 50 °C with the
substrate tilt angle of 45°. (b—d) Magnified images of marked zones at region X;, X,, and X; in a. (e, ) Magnified images of marked zones in b and e.
(g) Regular stripes on vertical substrate at region X;. The white bands are MWCNTs stripes and the white arrows indicate the direction of stripe
growth. (h) Photograph of MWCNT stripe pattern on the glass substrate.
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gradual increase of nanotube concentration in the MWCNT/
DCE suspension. At the uppermost region, stripe width
increased progressively from 52 ym (X; ® 4.0 mm in Figure
3b) to 78 um at the intermediate region (X, ~ 8.0 mm in
Figure 3c) to 106 ym at the bottommost region (X; ~ 12 mm
in Figure 3d), as determined by SEM. On the other hand, the
stripe spacing also had an increasing tendency. Through a
careful observation of Figure 3e, the white band was a nanotube
stripe, in which MWCNTSs formed random network and were
densely packed as shown in the magnified image of the stripe
(Figure 3f). The gray band indicated a bare part of the substrate
where trace MWCNT's was deposited. Conversely, the gradient
characteristic of the stripe width vanished when the substrate
was vertically immersed into the MWCNT/DCE suspension.
The stripe width was almost constant as shown in Figure 3g.

Recently, Miyahara and co-workers®® have presented detailed
reliability studies for mechanism of stripe pattern formation on
hydrophilic surfaces by using convective self-assembly. In their
method, a substrate immersed in aqueous suspension of
colloidal silica sphere was withdrawn vertically at a controlled
temperature. It was found that well-defined stripes were
spontaneously formed at the air—solvent—substrate contact
line. They demonstrated that the stripe formation is neither a
stick—slip motion of the contact line nor dewetting but a
negative feedback of particle concentration caused by a
concavely curved shape of the meniscus. Based on their
arguments, a similar mechanism for stripe formation is thus
proposed. In our case, a meniscus can also form a concave
surface against the substrate because its top edge can be
attached to the outermost layer of entangled nanotubes. As the
solvent is evaporated, the meniscus is elongated and concavely
curved. After a certain time, the elongation of meniscus stops
and cut off from the bulk suspension at a threshold, leading to
the formation of stripe and spacing. Notably, the meniscus is
more elongated on the inclined substrate than that on the
vertical one, resulting in a wider spacing as well as a wider
stripe. On the other hand, the concentration of MWCNTs in
the suspension increased progressively as the solvent was
gradually evaporated, although a small portion of the
MWCNTSs was self-assembled on the substrate as well as on
the wall of the container. In order to verify this, the variation of
MWCNT concentration in the residual suspension was
monitored by UV—vis spectroscopy. The specific extinction
coefficient of MWCNTs is found to be 0.0145 L/mg/cm at 500
nm>" and can be used to estimate the concentration of
nanotube suspensions. As shown in Figure 4, the concentration
of residual MWCNTs in the suspension almost increased
linearly with gradual evaporation of the solvent. Because the
MWCNT concentration determines the MWCNT' supplied to
the stripe growing region, which is therefore related to the
stripe width.

Previous studies have also demonstrated that the stripe width
increased almost linearly against the solute concentration.*”>*
Because of the gradient variation of the nanotube concen-
tration, gradient MWCNT stripes were thus achieved, as
illustrated in Figure 3. This assembly method provides an
opportunity to control the concentration of nonvolatile solutes
(i.e, nanotube) when the bulk suspension is evaporated, which
in turn regulates the structure formation. Therefore, in contrast
to the continuous CNTs film formed on the substrate via room
temperature dip-coating technique, ordered and gradient stripes
of nanotube were produced using this drying-mediated self-
assembly method. Furthermore, this simple and straightforward
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Figure 4. Variation in MWCNT concentrations in the residual
suspension as a function of evaporation time.

method, which dispenses with the need for CNTs functional-
ization (i.e., the incorporation of organic modifier) or
prepatterned substrates, is cheap and robust. As such, it
represents a powerful method for fabricating highly ordered
MWCNT pattern on a large area with high purity.

The gradient of stripe width is characteristic of the assembly
technique applied in the present study and is closely related to
the experimental conditions such as the tilt angle of the
substrate, MWCNT concentration, and evaporation temper-
ature. The effects of these experimental conditions are
examined in the following sections.

Effect of Substrate Tilt Angle. In order to investigate the
effect of the tilt angle of substrate on the stripe width and
spacing, the MWCNT concentration and evaporation temper-
ature (T;) were adjusted to 10 mg/L and 60 °C, respectively,
while the substrate tilt angles were systematically varied (i.e.,
45, 60, and 90°). However, tilt angle below 45° is beyond the
limits of present experimental capabilities. Figure S shows
typical optical micrograph of MWCNT stripes formed on glass
substrate at different tilt angles. Again, an increase in stripe
width with increasing proximity to the bottom of the substrate
(ie., from location X; to X, to X; (Figure 2)) was obviously

T

—

Figure S. Optical images of MWCNTs stripe patterns formed from
MWCNT concentration of 10 mg/L at T; = 50 °C with different tilt
angles of (a) 45, (b) 60, and (c) 90°. The left three images were taken
from region X, the midterm three from X, and the right three from
region X;. The white arrows show the direction of stripe growth. The
scale bar = 600 ym.
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observed. For example, the stripe width increased progressively
from 48 and 37 um at location X; to 69 and 54 um at location
X, to 94 and 82 pum at location X; when the tilt angles were 45
and 60°, respectively, as shown in Figure 6. Clearly, the extent
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Figure 6. Effect of tilt angle on stripe width and spacing. Error bars
indicate the standard deviation of the data from $ stripes and spacing,
at least 4 samples.

of this variation depends directly on the substrate tilt angle. The
width of stripe at tilt angle of 45° increased much more than
that at tilt angle of 60°. After further increasing the substrate tilt
angle to 90°, almost no change in the stripe width was observed
(i.e, stripe width is almost constant, about 30 + S um), as
shown in Figures 5c and 6. On the other hand, the stripe width
and spacing at the same region are also dependent on the
substrate tilt angle. For example, the average stripe width and
spacing at the region X; decreased from 94 and 90 um to 82
and 82 pm to 37 and 46 um, respectively, when the substrate
tilt angle increased from 4S to 60 to 90° (Figure 6).

As mentioned previously, the meniscus stuck to the inclined
substrate can be elongated further, and accordingly gives a
longer distance than that stuck to a vertical substrate, which
results in the dependence of the stripe spacing on the tilt angle
of the substrate. Meanwhile, the stripe formation period on an
inclined substrate is much longer than that on the vertical one,
which also leads to an increase in the stripe width. Additionally,
the gradual increase of the nanotube concentration due to the
continued evaporation of solvent can enhance this tendency.
Unfortunately, the reason for the fact that the characteristic of
the stripe gradient has almost vanished at substrate tilt angle of
90° is still unclear.

Effect of MWCNT Concentration. Figure 7 shows
representative optical micrographs of MWCNT stripes on
glass substrate at location X;. The internal temperature T; and
substrate tilt angle were maintained at S0 °C and 45°
respectively, while the concentration of MWCNTSs was varied
from 2.0 to 100 mg/L. As shown in Figure 7, stripe patterns as
well as continuous film were obtained by varying the
concentration of MWCNTSs. Figure 7a shows the optical
image prepared from the MWCNT/DCE suspension with a
nanotube concentration of 2.0 mg/L, which demonstrated a
stripe pattern. However, the stripe width was almost constant
(ie, 31 pm), indicating the disappearance of the gradient
characteristic. When concentration was increased to 10—20
mg/L, gradient stripes were observed in Figures 7b and ¢, with
the stripe width increasing progressively from 47 and 73 pm to
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Figure 7. Optical images of stripe patterns at region X; formed from
different MWCNT concentrations of 2.0, 10, 20, and 100 mg/L for
(a—d), respectively, with the tilt angle of 45° and T; = 60 °C. The
white arrow shows the direction of stripe growth. The scale bar = 600

pm.

74 and 92 pm for MWCNT concentrations at 10 and 20 mg/L,
respectively. After further increasing of the MWCNT
concentration to 100 mg/L, a transition structure between
the continuous film and a stripe pattern was observed as shown
in Figure 7d. As expected, the number of stripes increases with
decrease of MWCNT concentration. This is qualitatively
natural because a higher concentration drives more nanotubes
to the meniscus, where a stripe is growing, resulting in wider
stripes. MWCNT concentration thus determines the nanotubes
flux supplied to the stripe growing region, which is directly
related to the width of the stripes.

Effect of Evaporation Temperature. Figure 8 shows
representative optical micrographs of MWCNT stripes on glass
substrate at location X;. The concentration of MWCNTSs and

\

Figure 8. Optical images of MWCNT stripe patterns at region X,
formed at different evaporation temperatures, (a) 40, (b) 50, (C) 60,
and (d) 70 °C at MWCNT concentration of 20 mg/L and the tilt
angle of 45°. The white arrow shows the direction of stripe growth.
The scale bar = 600 ym.

dx.doi.org/10.1021/am300936a | ACS Appl. Mater. Interfaces 2012, 4, 3811-3817



ACS Applied Materials & Interfaces

Research Article

substrate tilt angle were maintained at 20 mg/L and 45°,
respectively, while the internal temperature T; was varied from
40 to 70 °C. As shown in Figure 8a, although stripe patterns
could be formed at T; = 40 °C, the stripe spacing was much
small, resulting in the formation of almost continuous
MWCNT film. When T; was increased to 50—60 °C, gradient
stripes were observed in panels b and c in Figure 8, with the
stripe width increasing progressively from 78 and 75 ym to 95
and 93 um for T; at 50 and 60 °C, respectively. After further
increasing of the T; to 70 °C, thinner stripes were observed as
shown in Figure 8d. Generally, the increase in the evaporation
temperature means a faster descent of the liquid level. Faster
descent would allow fewer nanotubes to be deposited on a
substrate, leading to thinner stripes.

Electrical Properties of MWCNT-FET Devices. Regular
MWCNT stripe patterns can also be fabricated on other
substrates such as Si/SiO, and polyethylene terephthalate
(PET) film. In order to investigate the application of the
MWCNT stripe patterns, MWCNT-FET devices were
constructed by using the stripes formed on Si/SiO, substrate
(Figure 9a). The MWCNT-FETs were fabricated with channel
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Figure 9. (a) MWCNT-FET device schematic. (b) Electrical
characteristics for a typical MWCNT-FET device.

length (L.) of 200 yim, which contained 12 MWCNT stripes at
region X, with stripe width of around S5 um. The electrical
properties of the as-fabricated MWCNT-FET devices were
measured using a semiconductor parameter analyzer. As shown
in Figure 9b, the output characteristics (drain current I, versus
drain voltage V) exhibit the typical characteristics of p-channel
transistors with Iy, being saturated at low Vy,. The gate voltage
Vi, was in the range of —4 to 4 V in steps of 2 V, and Vy, was
changed from 0 to 2.2 V in steps of 0.2 V. The current can be
modulated using the underlying Si substrate as a back gate.
When the V,, and Vy, are —4 and 2.2 V, respectively, the “on”
current of the FETs reaches to 1.2 X 107> A. The large “on”
current is because of the coexistence of metallic MWCNTs.

3816

Nevertheless, the as-fabricated MWCNT stripes indicate typical
p-type transistor behavior and have an on/off ratio around 100.
We fabricated 15 devices and 9 of them showed FET character.

Bl CONCLUSION

In summary, we have successfully prepared gradient stripe
patterns of multiwalled carbon nanotubes over large areas by
using an evaporation-induced self-assembly method and
investigated the formation process systematically by varying
several experimental parameters such as substrate tilt angle,
nanotube concentration, and evaporation temperature. Gra-
dient stripe patterns are spontaneously formed only when the
substrate tilt angle, nanotube concentration, and evaporation
temperature are in the range of 45—60°, 10—20 mg/L, and 50—
60 °C, respectively. Stripe patterns prepared in the present
study show a quite high degree of order. This method
represents a significant advance in creating regularly organized,
complex structures with potential applications in micro-
electronics.
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