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Abstract 

A new technique of synthesizing high-quality single-walled carbon nanotubes (SWNTs) 

directly on the surface of silicon and quartz substrates has been developed by means of the 

low-temperature catalytic CVD method using ethanol. The proposed method does not employ 

conventional deposition/sputtering for the mounting of catalytic metals on the substrates, but it 

adopts an easy and costless liquid-based dip-coat approach without need of support/underlayer 

materials that were often used in previous studies. The substrate surface is blackened with a uniform 

layer of SWNTs after the CVD at an optimum condition. The optical absorption of �as-grown� 

SWNTs has first been measured using thereby prepared SWNT-synthesized quartz substrate.  
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1. Introduction 
 

 The discovery of single-walled carbon nanotubes (SWNTs) [1] followed by the landmark 

establishment of their macroscopic generation method [2] has motivated numerous attempts to 

explore this newly-found exciting carbon allotrope. Concerning many proposed applications 

utilizing the unique physical properties of SWNTs [3], an appropriate incorporation of SWNTs into 

silicon or other material-based systems is essential for full appreciation of the outstanding nature of 

SWNTs. 

 Several trials have so far been made to synthesize carbon nanotubes onto these substrates 

using various approaches. Kong et al. [4] and Franklin et al. [5] spun-coated Fe/Mo catalyst with 

alumina support particles to form patterned catalytic islands on Si surfaces and synthesized a small 

amount of SWNTs. Cassell et al. [6] synthesized SWNTs on Si substrate with a similar technique 

but employed mesoporous alumina/silica as a support for Fe/Mo catalyst. In several other reports, 

mesoporous silica was employed as a support in the form of thin-film coated on Si surface to 

synthesize SWNTs [7] and MWNTs [8, 9]. In contrast to these studies that employed certain support 

materials, Li et al. [10] mounted iron nanoparticles utilizing the ferritin protein and sparsely 

produced SWNTs on a flat SiO2 substrate.  

In other approaches, catalytic metals were mounted on the substrate using dry processes 

such as sputtering or deposition [11-15]; however, these methods often suffered from a production 

of multi-walled carbon nanotubes (MWNTs). Dominant products of Nerushev et al. [11] and Yoon 

et al. [12] were MWNTs, although they reported to have synthesized some SWNTs based on their 

Raman spectra of low S/N ratio. Delzeit et al. [13] synthesized SWNTs by depositing 20 nm of 

aluminum underlayer and 1 nm of Fe/Mo layer on a Si substrate. Hongo et al. [14] synthesized 

relatively high-quality SWNTs by depositing 2 to 5 nm Fe on the A-face of sapphire crystal; 
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however, no SWNTs were produced when Si or SiO2 substrates were employed instead. 

From the studies cited above, these deposition/sputter approaches are prone to accompany 

sintering of catalytic metals, as they often resulted in catalytic metal droplets of several tens of 

nanometers [12-14]. The sintering is partly caused by their higher temperature around 900 to 1000 

°C to synthesize SWNTs on a Si substrate [4-6, 11-13]. In addition, Arcos et al. [15] demonstrated 

that the deposited 1 nm layer of Fe reacted with a Si substrate to form silicide at 850 °C, by which 

catalytic activity was deteriorated. Such a high-temperature based approach inherently involves a 

dilemma because, when one attempts to synthesize SWNTs without a support material, one needs to 

prepare a thick underlayer (20 nm of Al or Ir [13] or 80 nm of TiN [15]) between the catalytic metal 

and the Si substrate to avoid silicide formation. However, the metallic underlayer itself can be 

sintered into a droplet at elevated temperature, leading to a surface roughness.  

In the present report, SWNTs were synthesized directly (i.e. without support or 

underlayer) onto a substrate using a liquid-based approach for the catalytic mount, in combination 

with the low-temperature alcohol catalytic CVD method [16, 17], to circumvent aforementioned 

problems. The catalytic metal was specifically mounted by the so-called �dip-coat� method, where 

the substrate was vertically drawn up from the metallic acetate solution at a constant speed, 

followed by heating to convert thereby mounted acetic metals into metal oxides.  

 

2. Preparations and Experiments 

A metal acetate solution was prepared first by dissolving molybdenum acetate 

(CH3COOH)2 Mo and cobalt acetate (CH3COOH)2 Co-4H2O into ethanol (typically 40 g) so that the 

concentration of each metallic species was 0.01 wt% with sonication for 2 h. Unlike our previous 

reports [7, 16, 17], where Fe and Co were employed, Mo and Co were chosen after our findings in 
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several preliminary experiments: From our preliminary experiments, the Mo/Co catalyst seems to 

present better performances over the Fe/Co catalyst at least in the tested range of metallic 

concentration and CVD conditions. 

For a substrate, we employed either n-type Si wafer with (100)-surface (Nilaco Corp., 

SI-500452) or fused quartz with both sides optically polished (Fujitok Corp., #19983); both 

substrates had a thickness of 0.5 mm. The silicon substrate was cut into a strip of about 7 × 20 mm2, 

while the size of 25 × 25 mm2 was used for the quartz substrate. The choice of a larger dimension 

for quartz is based on the following optical measurements. These substrates were held by a small 

clip with a stabilizing weight and a nylon fishing line. The substrate piece was then submerged into 

a prepared metallic acetate solution for 10 min, leaving upper 5 mm of it above the solution level to 

prevent the clip from contacting the solution. This piece was then drawn up from the solution at a 

constant speed of 4 cm/min. The surface of the substrate was rapidly dried at several millimeters 

above the liquid contact level as soon as it was removed from the solution. Right after this process, 

the piece was placed in a furnace maintained at 400 °C for 5 min in air to decompose acetates or 

any other organic residues to form an oxide of bimetallic Mo/Co catalyst. The decomposition of 

these metallic acetates below 400 °C was confirmed by TGA. Since no catalytic metals on the 

surface were detected with FE-SEM both before and after the CVD reaction, detailed 

characterization of the metals is currently in progress using AFM and TEM. 

The detailed procedure in the subsequent CVD process was reported elsewhere [16, 17]. In 

brief, a piece of the substrate was placed on a quartz boat, which was then set in a quartz tube inside 

an electric furnace. During the heat-up of the electric furnace, Ar/H2 (3 % H2) was supplied so that 

the pressure inside the quartz tube was 300 ± 20 Torr. When the desired temperature was reached, 

Ar/H2 was stopped and inside of the quartz tube was evacuated by a rotary pump. Subsequently, 

ethanol vapor was supplied so that the pressure just before the entrance of the quartz tube was 
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maintained at 10 Torr. After the reaction, the electric furnace was turned off and cooled down to 

room temperature with a 100 sccm flow of Ar/H2. The use of hydrogen is for the reduction of 

Mo/Co bimetal to retrieve its catalytic function, as demonstrated in our previous study [17]. The 

details were reported by Alvarez et al. [18], where reduction of Mo/Co bimetallic catalyst by 

hydrogen was studied. 

The synthesized SWNTs were characterized by FE-SEM (Hitachi, S-900) and micro Raman 

scattering measurements (Chromex 501is and Andor DV401-FI for the spectrometer and CCD 

system, respectively with an optical system of Seki Technotron STR250). All the Raman spectra 

presented in this report were an arithmetic average of the measurements at randomly chosen 10 

different locations on the substrate. The VIS-NIR absorption spectra were measured with Hitachi 

U-4000. 

 

3. Results and discussion 

 The Raman spectra of SWNTs synthesized on Si and quartz substrates are presented in Fig. 

1. The CVD reaction times were 10 and 60 min for Si and quartz, respectively. The amount of 

synthesized SWNTs was quantitatively compared using a height ratio of the G-band to the 

Si-derived peak at 518 cm-1: The ratios were 0.07, 0.23, 5.2, and 1.5 for the cases of 650, 750, 800, 

and 850 °C, respectively. No SWNTs were obtained in the synthesis at 900 °C (not shown). 

Therefore, the optimum temperature for maximizing the amount of SWNTs in the present study was 

estimated to be 800 °C. The decrease in the amount above 850 °C probably results from the 

formation of silicide, as demonstrated by Arcos et al. [15] with their Fe catalyst. Note that the 

optimum synthesis temperature could be affected by the thickness of a natural oxidation layer on the 

surface of employed Si wafer, which was typically in the range of 0.5 to 10 nm. We tested several Si 

wafers purchased from different sources and found that the optimum temperature was 750 °C for 
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some of the wafers, which produced smaller amounts of SWNTs above 800 °C. At any temperature, 

sufficiently high quality of SWNTs was confirmed from their high G/D ratio (e.g. 30 at 800 °C). 

The radial breathing mode (RBM) peaks were observed at all temperature. Note that the synthesis 

temperature of SWNTs on the Si substrate, 650 °C, is by far the lower than any of the previous 

reports [4-6, 10-13], where 900 ~ 1000 °C was employed or needed for SWNT synthesis. The 

spectrum of the SWNTs synthesized on a quartz substrate at 800 °C indicates high enough quality, 

G/D ratio: 25, despite the CVD exposure as long as 60 min. 

Figure 2 exhibits the RBM spectra of SWNTs synthesized on Si and quartz substrates at 800 

°C, measured by three different excitation wavelengths. The RBM spectrum of HiPco SWNTs [19, 

20] (batch #: HPR113.4) provided from Rice University is included for reference. The CVD 

reaction times were 10 and 60 min for Si and quartz, respectively. The Kataura plot [21] with γ0 = 

2.9 eV and ac-c = 0.144 nm [22, 23] is exhibited along with the horizontal lines corresponding to the 

laser excitation energies. The diameter d of SWNTs was estimated from the RBM Raman shift 

υ using the relationship d /nm = 248 / (υ /cm-1) [22, 23]. The locations of measured Raman peaks 

agree well with those predicted by the Kataura plot, and a relatively narrow diameter distribution 

ranging 1.1— 1.7 nm is recognized. It is also found that the diameter distribution of SWNTs on a 

quartz substrate is slightly thinner than that on a silicon substrate. 

The SEM images of the SWNTs directly synthesized on Si and quartz substrates 

corresponding to Fig. 2 are shown in Fig. 3. The background dark area in Fig. 3(a) represents the 

surface of Si substrate, on which a uniform layer of web-like SWNT-bundles was observed. Figure 

3(b) shows an SEM image taken from a slanted angle including the broken cross-section of the 

quartz substrate. Due to its longer reaction time of 60 min, a uniform SWNT �mat� with a thickness 

of a few hundreds of nm was formed on the surface. This picture clearly displays a close-up view of 

the SWNT mat, where some of the bundles are seen to cascade into space from the broken edge. 
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Figure 4 further shows the TEM image of SWNTs corresponding to those in Fig. 3(b). A micro-grid 

was directly rubbed against the blackened quartz surface for TEM observation. We observed an 

edge of SWNT drapery on the micro-grid to assure the transmittance of the electron beam. Figure 4 

evidences that our SWNTs are free from any metal particles, amorphous carbons, or multi-walled 

nanotubes. 

 Since the quartz substrates prepared by the present method looked blackened, their optical 

properties of �as-grown� SWNTs can be readily measured. The optical absorbance of SWNTs 

synthesized under the conditions of 800 °C and 60 min, corresponding to Fig. 3(b), is shown in Fig. 

5. The substrate was cut in two and stacked together to double the absorption. The absorbance was 

recorded as a differential from that of a catalyst-mounted quartz that was almost transparent in the 

whole range of the measured wavelength. The pristine sample of HiPco SWNTs (batch #: 

HPR113.4), sonicated and suspended in D2O (1 % SDS) without centrifuging, was measured for 

reference. The absorption spectrum of �as-grown� SWNTs on the quartz substrate shows a tendency 

similar to that of the bundled HiPco sample, whose interpretation was described by O�Connell et al. 

[24]. By combination with the diameter distribution of current SWNTs (Fig. 2), the peaks around 

1450 and 800 nm are found to correspond to the gap energies of semiconducting ES
11 and ES

22, 

respectively. The slight red shift of these features from the suspended HiPco sample is probably 

ascribable to the slightly larger average diameters of our samples, as shown in Fig. 2. This is the 

first report that measured the optical absorption of �as-grown� SWNTs directly synthesized on the 

quartz substrate. Optical absorption of SWNTs on a substrate has conventionally been measured 

using samples prepared by sonicating bulk-produced SWNTs with methods such as laser furnace or 

HiPco and spraying the dispersed solution onto an optical substrate [21]. 

 

4. Concluding Remarks 
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We have demonstrated that high-quality SWNTs can be synthesized directly on silicon 

and quartz substrates employing the dip-coating approach for the mounting of catalytic metals 

combined with the low-temperature alcohol CCVD method. The features of this liquid-based 

technique lie in its easy, costless, and versatile nature in addition to its easiness to mount a small 

amount of catalytic metals by using diluted metal acetate solution. This method can be applied 

toward solids of various geometries without necessitating deposition/sputtering devices. Authors 

foresee that this method will open up novel applications such as optical and sensing devices. 
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Figure Captions 

 

Fig. 1.  Raman spectra measured by 488 nm excitation of SWNTs synthesized on silicon and 

quartz substrates at various CVD temperatures. 

 

Fig. 2.  RBM spectra of SWNTs synthesized at 800 °C on the surface of Si and quartz substrates, 

measured by 488, 514.5, and 633 nm excitations. �HiPco� is the reference spectrum of a 

pristine HiPco sample measured by 488 nm excitation. The Kataura plot for the 

corresponding range is attached on the top, where solid and open circles denote 

semiconducting and metallic SWNTs, respectively.  

 

Fig. 3.  FE-SEM images of SWNTs synthesized on (a) silicon substrate taken from top and (b) 

quartz substrate taken from slanted angle. Both samples correspond to those shown in Fig. 

2. 

 

Fig. 4.  TEM image of SWNTs directly grown on the quartz substrate. The sample corresponds to 

shown in Fig. 3(b). 

 

Fig. 5.  Optical absorbance of (a) �as-grown� SWNTs directly synthesized on the surface of quartz 

substrate, and (b) the reference spectrum of the HiPco pristine sample sonicated and suspended 

in D2O with 1 % SDS. 
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Fig. 3(a). 
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Fig. 3(b). 
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Fig. 4. 
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