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The effects of oxygen reactive ion etching (RIE) on the surface wettability of aligned carbon nanotube (CNT)
films have been systematically investigated. It was fountl 3reof RIEtreatment could change the surface

of CNT films from hydrophobic to more hydrophilic. The degree of modification in the surface wettability

of the film could be controlled by the flow rate of,@as during the RIE process. It is proposed that such a
surface hydrophobicity change is related to the opened structure and functionalized tip of as-treated CNTs by
oxygen reactive ions. More importantly, after the RIE treatment, focused laser pruning was utilized to trim
the surface layer of treated CNTs and revert them back to a hydrophobic surface. Combined with the laser
pruning technique and RIE treatment, CNT templates with interlaced wettability surfaces in a stripe pattern
have been fabricated. It has been demonstrated that this interlaced and structured wettability pattern can be
used to selectively assemble microspheres or quantum dots on the aligned CNT films with desired patterns.

Introduction reported the formation of two-dimensional cellular patterns by
the evaporation of water fromplasma-modified aligned CNT
Carbon nanotubes (CNTs) have attracted great interest duefiims.”

to their outstanding mechanical and electrical propettié&or In this report, systematic studies of the effect ofr@active
industrial applications, good control is often demanded over the ion etching (RIE) on the surface-wettability of aligned multi-
building and organization of CNT-based architectures to imple- walled carbon nanotube (MWNT) films have been conducted.
ment various functions. In this regard, it is useful to fabricate It is found that @ RIE can be used to adjust the surface
aligned arrays of CNTs. To fabricate such samples, plasmawettability of aligned MWNTSs in a rapid and controllable way.
enhanced chemical vapor deposition (PECVD) is one of the By increasing the ©flow rate during etching, the surface
most popular methods adopteiin the development of CNT-  Wettability of aligned MWNTSs can be modified from superhy-
based architectures en route to functional hybrid matefidls, ~ drophobic to hydrophobic and finally hydrophilic with a
selective assembly of various materials onto CNT platforms is controllable decrease in contact angles. This modification

highly desirable. Various site-selective chemical functionaliza- Process is fast and involves only a few seconds of exposure to
tions of non-aligned CNTs by selectively modifying the the G plasma. Using the laser pruning technid@ithe top layer

nanotube tips, inner walls, and outer walls have been investi- ?;siItrgr?tdlgsg‘a,::ﬂ:vgczrtﬂslmbggly tkc))e afnnr?cr;:dhi\évg)ghig?c tgﬁe
gated1.2~13H_owever, precise control of the microscalg wettability Extending the technique further, MWNT templates with inter- .
and §elect|ve assembly of other materla[s on aligned c.:NTS laced hydrophobiehydrophilic stripe patterns have been fab-
remain great challenges. One of the main hindrances is the

hvdroohobicity of the alianed fil ith ricated. By drying different drops of solutions from aqueous
super-hydrophobicity of the aligned films with water contact ¢ ,shensions of silica micro-beads, fluorescent microspheres, or

angle higher than 1831 restricting their functionalization  cqTe quantum dots (QDs) on these patterned surfaces, we are
with materials dispersed in hydrophilic solvent (e.g., water, gpje to assemble the particles preferentially onto the less
alcohol). Recently, Jiang et al. reported the adjustment of surfacenydrophobic CNT stripes. To prevent the collapse of the aligned
wettability of the aligned CNT films by varying the anisotropic  structures during the drying proce$gthe evaporation of the
structure of surfacé In this technique, the local wettability  drop of solution is accelerated by carrying out the evaporation
relies on the orientation of nanotube arrays. Another challenge process on a heated hotplate at°6D In this way, the aligned

is the influence of capillary forces during the evaporation process structure of CNT films is preserved during the rapid evaporation
of liquids from CNT films, which would destroy the aligned process. Our results highlight the feasibility of nondestructive
structure of nanotubes. For example, Ajayan and Kane et al. selective assembly of functional materials on specific regions

of aligned CNTSs.
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nm), and X-ray photoelectron spectroscopy (XPS, VG ES-
CALAB MKIIl; Mg K o source). An agueous suspension of

silica micro-beads was diluted from a commercially purchased
suspension of silica micro-beads in water with a mean dia-
meter of about 0.7 0.04 um. 2% aqueous suspensions of

red or yellow-green CdTe QDs (Molecular Probes F8786)
20 nm in diameter were commercially purchased from Molecular
Probes.

10 um
Wy B _ Results and Discussion
Figure 1. Side-view SEM image of an as-grown CNT film. The side-view SEM image of an as-grown CNT film is shown
in Figure 1. After the aligned nanotube arrays were treated with
pumped down to a base pressure of 40 ° Torr. ;gaswas o, RIE, their surface wetting properties were investigated by
utilized during the treatment. A radio frequency (RF) glow means of contact angle measurements. As shown in Figure 2,
discharge was used to generate the reactiypl@ma. CNTS  the as-grown aligned CNT film surface is superhydrophobic with
were placed on a RF-driven capacitatively coupled electrode. 3 measured contact angle as high as 13090C°. The variation
RF power was set at 20 W, and reflected power was about 1of the flow rate of Q gas during RIE treatment with short
W. Work pressure was about 0.05 Torr in the chamber, and the etching duration was found to modify the wettability of the
temperature was kept at 2C€. During the RIE process, the  sample. By increasing the flow rate of,@as from 17.25 to
flow rate of oxygen was set at 17.25, 24.15, and 34.50 sccm 24.15 and finally to 34.50 sccm, the water droplet spreads out
(standard cubic centimeter per minute) with fixed durations of on the CNT surface gradually with the decrease of contact angle
3, 6,9, and 12 s. After £RIE treatment, distilled water droplets  in a controlled manner to 1194 5.0°, 90.0+ 5.0°, and 55.0
were then sprinkled onto CNTs surface. Images of droplets + 5.0°, respectively. Such a large decrease of contact angle
were captured using a charge-coupled device (CCD) cameracan be obtained within jiu$ s ofetching time. Meanwhile, the
connected to TV-Tuner, which was in turn linked to a laptop relationship between the contact angles and the etching time at
for video and image capturing. Manual measurements of contacta fixed Q, flow rate was also investigated. Figure 2 shows that
angles were obtained over an average of around 20 dropletextending the duration of the etching time begichs does not
images per sample. The size of water droplets ranged fromhave a significant influence on the measured contact angles.
60 to 200um (calibrated using tungsten wire of diameter 80 For the etching time in the range 0f-32 s, the contact angles
um). During the measurement o, RIE treated CNTs, small  are found to remain approximately the same and fluctuate within
volumes of water were sprayed onto the CNT surfaces to avoid a small range oft7.0° under a fixed @ flow rate. Thus, the
the formation of crack patterns. Further characterization of surface wettability change of CNTs mainly occurs in the first 3
CNTs was carried out using scanning electron microscopy s during the RIE treatment.
(SEM, JEOL JSM-6400F), transmission electron microscopy  Further analyses were carried out on the as-grown nanotubes
(TEM, JEOL JEM-2010F), micro-Raman spectroscopy (Jobin and those treated with 15 s RIE treatment with arflQw rate
Yvon T64000 system; Ar ion laser with wavelength of 514.5 of 34.5 sccm. First, the diameter of selected individual nanotube
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¢ Op Flow Rate: 24.15scecm
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Figure 2. Graph of the variation of contact angles with the change of thédW rate and RIE time. Contact angle images of the as-grown and
RIE treated CNTs are given on the right side of the curves corresponding to; thenOrate of 17.25, 24.15, and 34.5 sccm, respectively.
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Figure 4. (a) XPS C 1s spectra from as-grown angd RIE treated
CNTs. (b) Gaussian decomposition of C 1s spectra of as-grown CNTs

and RIE 3 s treated CNTSs. (c) O 1s spectra of as-grown anglB
treated CNTSs.

graphite layers. After 15 s RIE treatment with ap flow rate
of 34.5 sccm, it is found that some CNTs have open-ended
structures. Such results have also been observed in CNTs treated
ended CNT after @RIE treatment. (c) HRTEM image of an open-  \yith other plasma32 24 A typical image can be seen from
ended CNT. Figure 3b. The ratio of open-ended to close-ended CNTSs is about
1:1 based on the random selection during the TEM observations.
was investigated before and aftes RIE treatment. To ensure  Figure 3¢ shows a HRTEM image of an open-ended CNT
that the same nanotube was imaged before and after the RIEwith 10 graphite layers. Some graphite layers of cylindrical
treatment, a channel made by laser pruning on the as-grownwalls near the tips are broken due to the plasma etching, similar
CNT films helps to locate CNT individually (not shown here), to a previous report of ©plasma-oxidized CNTs but with
similar to our previous reported approg@dtOn the basis of the  fewer defects due to the short etching titReAfter RIE
SEM images, we did not find any significant changes in the treatment, it is possible that open-ended CNT structures are

diameters of the selected CNTs before and after RDE created in our sample. There is a likelihood that internal wetting
treatment, which may be attributed to the short etching time occurs in some of the CNTs, especially those with smaller
and the rather unreactive CNT sidewalls. internal diametefé28 Such a possible effect may affect the

Further studies of the effect of (plasma etching on the  whole surface wettability and thus the contact angle of the
MWNT structures were carried out using high-resolution TEM sample.
(HRTEM). Figure 3a shows a TEM image of as-grown CNTs, =~ XPS measurements were carried out to investigate the
from which we can see that Fe particle is enclosed within the chemical states on the surface of the as-grown and RIE treated
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CNTs. Here, the flow rate of £during the RIE period was D

34.5 sccm. Figure 4a shows that the C 1s peak intensity is (a) G
reduced and a high binding energy shoulder appears after the

O, RIE treatment, which implies the formation of strong C and

O bonds. The Gaussian decomposition of the peaks of as-grown 3

and RIE 3 s treated CNTs is shown in Figure 4b. For the as- @ RIE 15s

grown CNTs, the spectrum consists of at least three peaks. The 2z M
peaks at about 284.6, 285.3, and 286.5 eV are attributed to the 2

graphite sp component, diamond-like $pcomponent, and % RIE 3

C—OH group or G=O bond of the aromatic group, - s

respectively??-32 For RIE 3 s treated CNTs, the spectrum can

be decomposed into five peaks. The additional two peaks at as grown

about 287.6 and 288.8 eV are assigned#$eCCof the aliphatic

group and OH-C=O group, respectivel$® It is generally 1200 1400 1800 1800
accepted that, for CNTSs, the carboxyl groups are mainly situated

wavenumber(cm™)
on the open ends of the tubes and the edges of the sheets,

[
whereas the hydroxyl and carbonyl groups are more likely to 1.5
be found on the basal planes and tube walls, respecti¥dlye
observation of OHC=0 group for the @ RIE treated open- 1.4 { (b)
ended CNTs is consistent with this claim. Comparing the C 1s :
curves representing RIE 3, 9, and 15 s treated CNTs, we observe 13F
almost no difference in shape from the graphs. Correspondingly, o
the Gaussian decomposition of the peaks of RIE 9 or 15 s treated =5 1.2
CNTs is similar to the RE 3 s treated one. All of these indicate - .
that the chemical bonds are mainly formed in the first 3 s, which 11 . H i
is consistent with the nearly stable contact angles afseshown ;__ : H
in Figure 2. Figure 4c shows the increase in the intensity of O 1 { )
1s spectra after £RIE treatment. Again, the variation of etching
time from 3 to 15 s does not increase the oxygen concentration 0.9
of CNTs obviously using the £flow rate of 34.5 sccm. Based 0 5 10 19
on the XPS study, it is found that some hydrophilic chemical RIE time (s )

bonds such as OHC=0O have been formed at the open-ends

of CNTs, indicating an important factor contributing to the fast ngur? 5. t(?j) '\c/l:\ﬂo R"{‘t'mp] Sgle‘?“a ‘Zf asf'gsfg‘g’” angR)(Eb )3'P ?'ta”gth

AR S lreate S wi e TIow rate o .0 Sccm. oto e
wettability change after the {RIE treatment. ratio of D-band over G-band intensityp(lc) as a function of RIE
Raman spectra of as-grown ang-RIE treated CNTs were  time.

shown in Figure 5a to further investigate the structure change.
All spectra show mainly two peaks at about 1353 &i(D band)

and 1595 cm! (G band), which correspond to amorphous and peam that trimmed away the upper portion of the CTEhe
graphite carbon signals, respectivély* Figure 5b shows the  side-view SEM image in Figure 6a shows fretreated CNTs
dependence of the ratio of D-band to G-band intensi}l ¢) and laser-trimmed CNTSs. The lengths of thepBetreated CNTs

on RIE time. The ratio ofip/lc decreases significantly for e about 4um with a surface contact angle of about 96-0

the 3 s RIE treated sample, and then increases gradually withg » 45 shown in Figure 6¢. By adjusting the laser beam power
further Increasing the RIE time. Previous stgd|es showgd of the focused laser beam, we can selectively trim only the upper
that the tips of aligned CNTs are more reactive and easily portion of some of the aligned CNTs array. The length of the
removed by plasm#:24At the same time, the top-layer of CNTs remained CNTSs in the laser-trimmed regio'ns is abouu@s
contains more disordered or amorphous carbon than the Ioweras seen in Figure 6b. The surface contact angle measurements
portion. The removal of the amorphous portion could contribute how that th | ' tri d CNTs h tact le of
to the observed decrease lflg ratio. Further etching will zb(c))\llJvt 1; 6 Oisz (?’se'lr'hﬂgqmvsith Iases;r tﬁ;/nem?n;orlr?: C‘;G_%: 0

destroy the cylindrical walls of the CNTs near the tips. As a
y y P films revert to a more hydrophobic film. Jiang et al. reported

result, the ratio ofp/lg increases slightly with longer etching g i
time. that a large amount of air trapping is important for the super-

hydrophobicity of aligned-structure filn#8-3° The increase in

During the RIE treat tofad film of aligned CNT . . .
uring the reatment of a dense fiim of algne > the fraction of trapped air on the surface would result in a larger

array, it is reasonable to believe that the upper portion of the . - :
CNTs facing the plasma would shield the lower portion from Ccontact angle according to Cassie’s [&wTop-view SEM
etching. Thus, the modification of the CNTs is primarily on 'Mag€s of the laser-trimmed and untrimmed CNTs with the
the surface of the sample. In other words, if the top layer of the S&Me magnification are given in Figure 6d and e, respectively.
CNTs films is carefully timmed away, the resultant aligned AS can be seen in these figures, the density of CNTs in the
CNTs film could revert to a hydrophobic one. To carry out this 1aser-trimmed part is much lower than that of the untrimmed
investigation, we made use of the laser pruning technt§tee, ~ Part. Such a lower density of CNTs would produce a larger
trim away the top layer of a treated CNTSs film, and we studied amount of air trapping and correspondingly result in a bigger
its wettability. Experimental details are given as follows: First, contact angle. Meanwhile, it was reported that the lengths of
an as-grown CNT film was treated by, ®IE etching for 15 s CNTs do not affect the measured contact angles greatly for
with an Q& flow rate of 24.15 sccm. After that, half of the the study of PECVD grown aligned carbon nanotube filfns.
area of the CNT film was exposed to a scanning focused laserThus, the recovery of the hydrophobicity in the trimmed
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Figure 6. (a) Typical SEM image of laser-half-trimmed CNT film pretreated ByRIE etching. (b) Side-view image of laser-trimmed CNTs with
a surface contact angle of about 126:%.0°. (c) Side-view image of the laser-untrimmed part with a surface contact angle of about $600.
(d) SEM image of laser-trimmed CNTs. (e) Untrimmed CNTSs.

CNTs is attributed to the removal or reduction of effects brought evaporation process of the solution. Next, a drop of colloidal
about by Q RIE and the increase of air trapping among solution comprising an aqueous suspension of silica micro-beads
CNTs. in water with the diameter of 0.7+ 0.04um was placed on
Using the focused laser pruning technique, it is straightfor- the film surface. The drying process lasted for several seconds.
ward to create a wide variety of patterns comprised of interlaced By taking SEM images of the same regions, it is found that the
hydrophobic and hydrophilic regions. A direct application from silica micro-beads selectively assemble on the hydrophilic
this is to fabricate CNT templates with microscale controllable regions (i.e., regions not trimmed by the laser beam). A large-
surface wettability for selective assembly of nanoparticles scale image is shown in Figure 7b. No silica micro-beads were
suspended in aqueous suspension. Figure 7a shows the SEMbserved in the laser-trimmed grooves. From the side-view in
image of a periodic array of CNT grooved patterns in stripe Figure 7c, it can be seen that all of the micro-beads are
formation. The width of the grooves is about 2. Because assembled on the top surface of the CNT stripes, while the lower
the pattern was created from a CNT film treated with 15 s of portion of the CNTSs retains the aligned structure. By using the
RIE etching with an @ flow rate of 24.15 sccm, the laser- same method, a “NUS” pattern decorated with silica micro-
trimmed grooves are more hydrophobic in nature. A close-up beads is obtained, as shown in Figure 7d.
view of the pattern created is shown in the inset. Particle To further test the versatility of the selective assembly of
assembly behavior on these CNT films with interlaced wetta- the patterned CNT template with interlaced wettability, 20 nm
bility was investigated. To avoid the formation of the cellular fluorescent microspheres or glutathione capped CdTe QDs
patterns during the evaporation proctsthe CNT films were dispersed in water solution were used in separate experirients.
placed on a hotplate at a temperature of6Qo accelerate the  The photoluminescence (PL) peak of the CdTe QDs is around
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seen from Figure 8b. Figure 8c and d shows the bright-field
optical microscopy images of the CNT template decorated with
CdTe QDs by focusing on the lower more hydrophobic CNT
groove regions and the higher less hydrophobic regions,
\ ; j respectively. The observed red/orange light was emitted from
it & 3 the regions decorated with CdTe QDs on their surface, which
100 m j_:‘ . % D indicates that the CdTe QDs assembled selectively onto the less
A2 : hydrophobic regions of the CNT template.

Additional experiments were conducted to investigate if
efficient selective assembly can be achieved using CNT surfaces
with contrasting wettability but not structural features as defined
by focused laser beam. In these experiments, aligned MWNT
films covered with copper grids with honeycomb patterns
(commonly used as sample holder for TEM imaging, Figure
9a) were exposed to RIE as before. Regions of the surface

- o (&) CNT " duced - IE‘ reat laned protected by the grid remained hydrophobic, while the exposed
ijgure /. (& grooves proaduce on,® pretreated aligne R i ;
CNT film. Inset is a close view of the CNT grooves. (b) Selective region became converted to hydrophilic ones. A drop of colloidal

assembly of silica micro-beads on the laser-untrimmed CNT stripes SOlution comprising an aqueous suspension of 20 nm yellow-
with typical side-view images given in (c). (d) “NUS” pattern decorated green fluorescent microspheres was then placed on the surface
with silica micro-beads. of the samples. Figure 9b shows the fluorescent image of

570 nm. By using the same hotplate heating methods, we haveselective.asserr?bly qf fluorescent microspheres on the modified
successfully assembled fluorescent microspheres and glutathionWNT film. It is evident that the fluorescent microspheres
capped CdTe QDs preferentially onto the pre-patterned hydro- preferentially assembled onto the hydrophilic part of the sample.
philic regions of the CNT templates. Figure 8a shows the However, the boundary between the hydrophilic and hydro-
fluorescent image of the hydrophilic CNT stripes with fluores- phobic part is not as well defined as before. Thus, a dual
cent microspheres on their surface. No red light has beencombinatory approach of wettability modification and structural
observed from the hydrophobic regions because they do notarchitecture proved to be more desirable in directed assembly
contain any fluorescent microspheres. A close-up view can be of these nanopatrticles.

W% e

Figure 8. (a) Selective assembly of fluorescent microspheres on the laser-untrimmed CNT stripes examined by the fluorescence microscopy.
(b) A close view of the fluorescent microspheres decorated CNT stripes. (c) and (d) are the bright-field optical microscopy images of the CNT
template decorated with CdTe QDs by focusing on the lower more hydrophobic CNT groove regions and the higher less hydrophobic regions,
respectively.
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Figure 9. (a) SEM image of copper grids used to cover the MWNT film during the RIE treatment. (b) Fluorescent microscope image of selective

assembly of fluorescent microspheres on the modified MWNT film.

Conclusions

In conclusion, controllable and rapid wettability change on
the aligned CNT surface induced by, @active ion etching
has been investigated. More importantly, CNT templates wit
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