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A B S T R A C T

The effect of microwave (MW) treatment to improve the adhesion of carbon nanotubes

(CNTs) to a Ni/Ti/Au/SiO2/Si substrate was examined. CNTs were synthesized at a low tem-

perature (400 �C) by thermal chemical vapor deposition to avoid metal peeling. Results

demonstrated that nearly 100% of MW-treated CNTs remained on the substrates even after

sonication in a buffer solution. This was a significant improvement of adhesion compared

to preparations not undergoing MW treatment, where almost no CNTs remained. Trans-

mission electron microscopy of cross sections showed that before MW treatment, CNTs

with Ni nanoparticles were located on the upper part of the Ti underlayer, whereas after

MW treatment they were embedded in the Ti underlayer. Based on these results, a mech-

anism of adhesion improvement by MW treatment is proposed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have attracted great interest be-

cause of their excellent electronic properties [1,2], high ther-

mal conductivity [3], significant mechanical properties [4],

and physical and chemical stability [5]. There are many po-

tential applications of CNTs including field-effect transistors

(FETs) [6,7], field-emission displays (FEDs) [8,9], bio-sensors

[10], atomic force microscopy (AFM) probes [11], and CNT

microelectrodes [12,13]. However, the poor adhesion of CNTs

onto the substrate becomes a reliability issue and an obstacle

for long-term usage of CNT devices. The CNT devices will fail

if CNTs are detached from the substrate during operation.

This is even more challenging for use of CNT devices in liquid

environments, in which the pull and drag of tissues or the

flowing of buffer solution may cause detachment of CNTs
er Ltd. All rights reserved
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from the substrate. The conventional high temperature pro-

cess of CNT syntheses causes peeling of metal films such as

tin, aluminum, and gold, used as underlayers and conducting

electrodes. This high temperature process is also incompati-

ble with the complementary metal-oxide-semiconductor

(CMOS) interconnect process, which requires a low process

temperature (<450 �C). In addition, high temperatures will

accelerate detachment of CNTs from their substrate. There-

fore, it is critical to both improve the adhesion between CNTs

and substrates, and to decrease the temperature at which

CNT synthesis occurs to 450 �C or less.

The adhesion of CNTs to the substrate was improved by

adding an adhesion layer, such as molybdenum [14], titanium

[15] or nickel [16], between the catalyst layer and the sub-

strate. Another approach to provide a strong adhesion of

CNTs onto the substrate is thermal deposition of indium
.
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and tin metal layers on an indium–tin oxide glass substrate,

followed by thermal annealing [17]. An effective method of

attaching CNTs to AFM Si tips involving deposition of amor-

phous carbon has also been reported for AFM applications

[18]. In addition, CNT transfer technology is proposed. This

is enabled by successful assembly of open-ended structures

of CNTs onto substrates by a solder reflow process [19].

This research studies the feasibility of improving CNT

adhesion onto substrates utilizing low CNT synthesis temper-

ature (400 �C) and microwave (MW) treatment. A mechanism

for CNT adhesion enhancement is proposed.
2. Experimental

The substrates were prepared by deposition of Au, Ti, and Ni

onto SiO2/p-Si (resistivity: 5–25 X cm) wafers sequentially

without a break in vacuum of the electron evaporation sys-

tem. Au was deposited in a 150 nm layer, as a conductor layer

for electrical measurement. Ti was deposited with a thickness

of 10–20 nm, and is an adhesion layer. A 5 nm layer of Ni

serves as a CNT growth catalyst. The 150 nm SiO2 layer acts

as an insulator layer to isolate the upper conductor layer from

the bottom Si layer for cyclic voltammetry (CV) measure-

ments. Multi-walled carbon nanotubes (MWCNTs) were then

synthesized on the substrate at 400 �C by thermal chemical

vapor deposition (CVD). H2 (10 sccm) was used to prevent oxi-

dation of the catalyst, C2H2 (60 sccm) was used as carbon

source, and Ar (200 sccm) was used as carrier gas. The process

pressure was maintained at 1 Torr.

A commercial MW oven (Panasonic NNS-575 and others)

was used to treat the samples (size: 0.5 cm · 0.5 cm) with

as-grown CNTs. The samples were put in the center of the

MW oven with a turntable for sample rotation to provide uni-

form MW absorption in air. The MW powers were set at 200,

400, 900, or 1100 W for a duration of 0.5, 1, 2, 3, or 5 min for

process optimization. The MW was used for treatment be-

cause it has been reported that MW absorption of CNTs with

encapsulated magnetic nanoparticles is more effective at a

frequency of about 2.45 GHz [20–22].

To explore the adhesion strength of the CNTs onto the sub-

strate, CNT samples with various MW treatments were im-

mersed into a buffer solution for sonication. The CNT

morphology was firstly examined by scanning electron

microscopy (SEM, JEOL 6500 and 7000) imaging at a low mag-

nification, in which a uniform CNT density was observed. The

CNT numbers were then roughly calculated based on high-

resolution top-view and cross-section SEM images that can

identify a single CNT clearly, a method similar to those re-

ported by other papers [23,24]. In this work, the CNT number

was calculated from a fixed area (�1 lm2) of a top-view SEM

image taken at a high magnification. To quantify the CNT

number of the samples before and after sonication, three data

points for each sample were measured from three different

locations of top-view SEM images. The average CNT numbers

and their standard deviations for each sample were also cal-

culated. In addition, the CNT number and CNT-to-CNT spac-

ing were further examined and verified based on high-

resolution cross-section SEM image. The percentage of as-

grown CNTs before sonication was set as 100%. The percent-
Please cite this article in press as: Su H-C et al. Improving the adhesion of
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ages of CNTs remaining were defined as the ratio of the num-

ber of CNTs remaining after various MW treatments and

5 min sonication to that of as-grown CNTs prior to sonication.

For example, if the number of as-grown CNTs is 400 in the

1 lm2 boxed area, and the number of CNTs after sonication

is 200, then the percentage of CNTs remaining is 50%. The

adhesion strength of CNTs onto the substrate was based on

the percentage of CNTs remaining after sonication. More

CNTs remaining means better adhesion of CNTs onto the

substrate.

Transmission electron microscopy (TEM, JEOL JEM 2010

and JSM 2100F) was utilized to analyze CNT nanostructure.

Cross-section TEM was utilized to analyze the interaction be-

tween CNTs, Ni nanoparticles, and the Ti underlayer before

and after MW treatment. The energy dispersion spectrum

(EDS) line-scanning function in cross-section TEM was used

to examine the distribution of elements in the scanned area.

Combining cross-section TEM and EDS line-scan, the nano-

structure and element distribution could be characterized

in situ. This enables study of the interaction between CNTs

and the substrate, as well as the mechanism of adhesion

improvement of CNTs to the substrate.

Micro-Raman spectra (HORIBA JOBIN YVON, HR-800, laser

excitation wavelength: 633 nm) were also used to measure

the degree of graphitization for CNTs. The D-band intensity

is defect-induced (1350 cm�1) and the G-band intensity is a

graphite-related optical mode (1550–1605 cm�1) [25]. The G-

band to D-band intensity ratio (IG/ID, G/D ratio) corresponds

to the graphitization of CNTs, which can be used as an indica-

tion of the CNT quality. A higher IG/ID ratio means better

graphitization of CNTs. A lower IG/ID ratio indicates more de-

fects and amorphous carbon in CNTs [26].

Electrical properties of as-grown CNTs and MW-treated

CNTs, in phosphate buffered saline (PBS) solution, were also

measured by CV (CH instruments, Model 680 Amp Booster)

for future biological applications. The CV experiments were

carried out in a three electrode configuration. The Pt coil

was used as the counter electrode, Ag/AgCl as the reference

electrode, and the CNT electrode as the working electrode.

In the CV measurement, the potential was set at �0.4 to

0.6 V to avoid electrolysis of PBS solution. The sweeping rate

was 500 mV s�1.

In addition to sonication in buffer solution, another adhe-

sion test was also conducted by inserting the CNT samples

into agar gel (quasi-neuron tissue) and dragging them back

and forth for 20 times, which was to mimic the puncture of

neurons.
3. Results and discussion

The strength of CNT adhesion before and after MW treat-

ments was tested by sonication in a buffer solution. The

SEM images of as-grown CNTs without sonication in

Fig. 1a show that CNTs were synthesized at 400 �C, 1 Torr

with a C2H2 to H2 flow ratio of 6 (60 sccm/10 sccm).

Fig. 1b shows the high-resolution TEM image of the CNTs

removed by sonication and confirms that the CNTs grown

are MWCNTs. However, the percentage of CNTs remaining

for the samples without MW treatment decreases dramati-
carbon nanotubes to a substrate using microwave treatment. Carbon
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Fig. 1 – (a) Top-view SEM image of as-grown CNTs without sonication, with (b) the high-resolution TEM image showing the

CNT grown is a multi-walled CNT. Top-view SEM images of (c) as-grown CNTs after 5 min sonication, and the samples with

MW treatment at (d) 200 W, 0.5 min, (e) 400 W, 1 min, and (f) 1100 W, 3 min, after 5 min sonication. (g) The trend charts show

the percentages of CNTs remaining after 5 min sonication versus MW treatment time at various powers with the data points

of c, d, e and f corresponding to figures c–f, respectively. The 1 lm2 boxed area in (a) and (c) was used to count the CNT number

and calculate CNTs remaining.
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cally with the duration of sonication, i.e., about 90%, 75%,

40%, and 5% after 0.5, 1, 2, and 5 min sonication, respec-

tively. As shown in Fig. 1c, as-grown CNTs were almost

completely removed after 5 min sonication. It indicates
Please cite this article in press as: Su H-C et al. Improving the adhesion of
(2009), doi:10.1016/j.carbon.2009.10.032
that the adhesion of as-grown CNTs onto the substrate is

weak even with a Ti adhesion layer. This becomes a reli-

ability issue and an obstacle for long-term usage of CNT

devices.
carbon nanotubes to a substrate using microwave treatment. Carbon
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Fig. 3 – CV of as-grown CNTs and MW-treated CNTs in PBS

solution. The scan rate was 500 mV s�1.
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To improve CNT adhesion onto substrates, MW treatment

was proposed in this work and a series of experiments were

conducted by varying MW process parameters. Fig. 1d–f

shows the SEM images after 5 min sonication for the samples

pre-treated with different MW parameters including (d)

200 W, 0.5 min, (e) 400 W, 1 min, (f) 1100 W, 3 min, respectively.

The trend charts in Fig. 1g show the percentages of CNTs

remaining after 5 min sonication versus MW treatment time

at various powers with the data points of c, d, e and f corre-

sponding to Fig. 1c–f, respectively. It can be observed that

the percentage of CNTs remaining increases with the MW

treatment time and power. Moreover, the percentage of CNTs

remaining reaches almost 100% after MW treatment for 3 min

at a MW power of 900 W or higher. This shows that MW treat-

ment is an effective method to improve the adhesion of CNTs

onto the substrate. The difference in percentage of CNTs

remaining can be clearly observed and the effect of MW treat-

ment is demonstrated.

Raman spectra were used to characterize the graphitiza-

tion of as-grown CNTs, as well as those after MW treatment

for 0.5, 1, 2, 3 and 5 min at 900 W, as shown in Fig. 2a. The im-

pact of graphitization due to MW treatment can be observed.

Fig. 2b shows the G/D ratio, IG/ID, of the Raman spectra versus

MW treatment time at 900 W. IG/ID for as-grown CNTs is 0.42.

The ratio decreased slightly as the MW treatment time in-

creased from 0.5 min (IG/ID = 0.41) to 5 min (IG/ID = 0.33). The

lower IG/ID ratio indicates a lower degree of graphitization

for MW-treated CNTs. These results reveal that the graphiti-

zation of CNTs was slightly damaged after MW treatment.

This indicates that MW treatment may lead to slight degrada-

tion of CNT device performance.

Electrical properties of as-grown CNTs and MW-treated

CNTs in PBS solution were compared to investigate the im-

pact of MW treatment. Fig. 3 shows the CV data of as-grown

and MW-treated CNTs in PBS solution at a scan rate (m) of

500 mV s�1. The capacitance (C) was derived according to

the following equation [27], C = Di/2m where Di is the current

charge deviation between positive and negative voltage scan.

The capacitance was calculated to be 5.13 mF cm�2 for as-

grown CNTs, and 4.86, 5.29, and 4.15 mF cm�2 for the CNTs

with MW treatment for 3 min at 400 W, 1 min at 1100 W, and

3 min at 1100 W, respectively. The capacitances for MW-trea-

ted CNTs decreased slightly compared with that of as-grown

CNTs. In addition, a capacitance of about 33 lF cm�2 for the
Fig. 2 – (a) The Raman spectra of as-grown CNTs versus CNTs af

the trend chart of G/D ratio (IG/ID) versus MW treatment time.

Please cite this article in press as: Su H-C et al. Improving the adhesion of
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electrode without CNTs is about 100 times smaller than those

with CNTs. Because the capacitance corresponds to CNT-PBS

interface properties, it can be speculated that CNTs were only

slightly damaged by MW treatment. The results of CV are con-

sistent with those of the Raman spectra.

In order to understand the mechanism of adhesion

improvement of CNTs onto the substrate by MW treatment,

cross-section TEM and EDS line-scans were used to inspect

the nanostructure of the CNTs/Ni/Ti multilayer stack before

and after MW treatment, as shown in Fig. 4. It can be observed

that CNT growth employs the ‘‘base growth’’ mechanism [28],

with Ni remaining in the bottom of the CNT. Ni nanoparticles

were encapsulated within CNTs grown from the upper part of

the Ti underlayer and were identified as nickel carbide by a

diffraction pattern (DP) in TEM, as shown in Fig. 4a. After

MW treatment, it can be observed that the major difference

between Fig. 4a and c is that the Ni nanoparticle was embed-

ded in the Ti underlayer. EDS line-scans of Fig. 4b and d were

performed in cross-section TEM for the same areas of the

samples as those taken in Fig. 4a and c, respectively. These

show the distribution of elements in the scanned area and

confirm the shift of the Ni peak into the Ti matrix after MW

treatment (Fig. 4d) versus before treatment (Fig. 4c). These re-

sults indicate that the Ni nanoparticles are distributed near

the upper surface of Ti underlayer before MW treatment,
ter MW treatment for 0.5, 1, 2, 3 and 5 min at 900 W, and (b)

carbon nanotubes to a substrate using microwave treatment. Carbon
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Fig. 4 – The (a) cross-section TEM images and (b) EDS line-scan for a CNTs/Ni/Ti multilayer stack to show catalyst distribution.

(c) and (d) show those after MW treatment, respectively.
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and are distributed near the inner part of Ti underlayer after

MW treatment.

The effectiveness of adhesion improvement of CNTs onto

substrates is most likely related to the absorption of MW en-

ergy by CNTs/Ni/Ti/Au materials on SiO2/Si. MW treatment

can be used not only for annealing, but also for heating

materials rapidly and selectively. The good MW absorption

of CNTs is attributed to their large dielectric loss [29]. Fur-

thermore, CNTs with magnetic Fe and Ni nanoparticles exhi-

bit excellent MW absorption properties, which were

attributed to their dielectric properties and high magnetic

loss, as reported in [30–32]. The embedding of Ni nanoparti-

cles and CNTs into a Ti matrix improves the adhesion of

CNTs onto the substrate. One possible reason for this is that

MW treatment provides an annealing effect as the CNTs/Ni/

Ti multilayer stack absorbs MW energy. The same results

were obtained for the MW treatment on the CNTs with a

Fe catalyst. Using magnetic nanoparticles as catalysts works

for CNT depositions, because the magnetic nanoparticles

encapsulated within the CNTs are outstanding MW absorp-

tion materials. These materials can therefore be annealed

effectively by MW treatment. In this work, different brands

of commercial MW ovens were used to carry out the MW
Please cite this article in press as: Su H-C et al. Improving the adhesion of
(2009), doi:10.1016/j.carbon.2009.10.032
treatment process and showed the same results. Further-

more, the adhesion enhancement of CNTs was also observed

using glass substrates. It is speculated that this approach is

suitable for other substrates (such as SiO2, sodalime glass,

and Teflon polycarbonate substrates) because the MW

absorption is achieved mainly by CNTs/Ni and is less depen-

dent on the substrate [20].

Based on these results, we propose a model for the

adhesion improvement of CNTs onto the substrate by

MW treatment, as shown in Fig. 5. The diagrams in

Fig. 5a and b show the as-grown CNTs and their transfor-

mation after MW treatment, respectively. The Ni nanoparti-

cles for as-grown CNTs were located near the upper

surface of the Ti underlayer prior to MW treatment. The

nanoparticles become embedded in the Ti underlayer dur-

ing MW treatment. This implies a strong interaction of

Ni, Ti and CNTs [33], as shown in Fig. 4, as well as the for-

mation of strong bonding between Ni nanoparticles and

the Ti underlayer during CNT growth and the MW treat-

ment process [15]. This improves the adhesion of CNTs

onto the substrate.

In addition to sonication in buffer solution, another adhe-

sion test was also conducted by inserting the CNT samples
carbon nanotubes to a substrate using microwave treatment. Carbon
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Fig. 5 – Diagrams showing (a) as-grown CNTs and (b) CNTs after MW treatment on Ni/Ti substrates.

Fig. 6 – Cross-section SEM images show the CNTs on Ni (5 nm)/Ti (20 nm)/Au/SiO2/Si substrates (a) before and (b) after

insertion and dragging them back and forth in agar gel for 20 times.
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into agar gel (quasi-neuron tissue) and dragging them back

and forth for 20 times, which was to mimic the puncture of

neurons. Fig. 6a and b show the cross-section SEM images

of CNTs on substrates before and after insertion, respectively.

The CNTs were grown at 400 �C and MW treated at 1100 W for

3 min. As shown in Fig. 6b, the CNTs were not degraded after

insertion and dragging them back and forth in agar gel for 20

times.

Biocompatibility is an important criterion for biological

applications. For CNTs grown on a Ni/Ti/Au substrate, there

are reports that Ni is cytotoxic, releasing harmful Ni ions

and causing cell death [34]. However, the thickness of Ni used

as a catalyst for CNT growth is several nanometers. This layer

becomes nanoparticles encapsulated by CNTs after thermal

CVD. In addition, the mechanism of CNT growth employs

the ‘‘base growth’’ mechanism with the Ni nanoparticles un-

der dense CNTs. Release of Ni ions from the bottom layer to

cells will be reduced. Despite previous reports about the tox-

icity of Ni, several groups have demonstrated the high viabil-

ity of a cell culture on as-grown CNTs using Ni as a catalyst

[13,35]. Furthermore, a Ti layer was added with the Ni layer

to form a Ni–Ti alloy, which has good biocompatibility

[36,37]. Some reports show that carbon plasma immersion

ion implantation into the Ni–Ti alloy can improve the corro-

sion resistance and block out-diffusion of Ni. This is similar

to the CNTs grown from the catalyst due to carbon diffusion

to the nanoparticles [38]. Based on the above reasons, the

CNT electrodes with Ni/Ti/Au substrates may be usable for

biological applications, such as implanted neural probes.

Additionally, the CNT electrodes developed in this work could
Please cite this article in press as: Su H-C et al. Improving the adhesion of
(2009), doi:10.1016/j.carbon.2009.10.032
be applied to potential applications with less concern about

toxicity, such as FEDs and interconnects.

4. Conclusions

We have synthesized CNTs at 400 �C by thermal CVD which is

compatible with CMOS process, and have proposed a novel

MW-assisted method to improve the adhesion of CNTs onto

the substrates. The Ti adhesion layer was deposited between

the Ni catalyst and the substrate. The CNT adhesion improved

with increase of the Ti thickness. The percentage of CNTs

remaining after 5 min of sonication in buffer solution for

samples with various MW treatments was compared to that

of as-grown CNTs. This was used to examine the adhesion

strength. Results revealed that the percentage of CNTs

remaining after 5 min of sonication reached nearly 100% for

samples with the MW treatment of 3 min at a MW power of

900 W or higher. The Raman spectrum showed that the CNTs

after MW treatment were slightly damaged. CV data showed

that CNT electrodes still exhibit high specific capacitance

after MW treatment. The proposed mechanism of CNT adhe-

sion improvement by MW treatment is most likely successful

due to CNTs with Ni nanoparticles becoming embedded in a

Ti matrix after MW treatment. The embedding was possible

because of the MW energy absorption of CNTs/Ni/Ti. The

above results demonstrate the potential applications of CNT

electrodes fabricated in this work, including implanted neural

probes, FEDs, and interconnects. These applications are made

possible due to the improvement of CNT adhesion for long-

term usage and reliability.
carbon nanotubes to a substrate using microwave treatment. Carbon
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