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Abstract 

We studied the influence of gas pressure on the growth of horizontally aligned 

single-walled carbon nanotubes (SWCNTs) on R-cut crystal quartz substrates by alcohol 

chemical vapor deposition. The density of horizontally aligned SWCNTs was found to 

depend highly on gas pressure. Time evolution of horizontally aligned SWCNT growth 

revealed that the density of horizontally aligned SWCNTs continued to increase for 10 min at 

reduced pressure, whereas the density saturated rapidly at higher pressure even though 

catalysts were not deactivated. We concluded that variation of incubation time for 

low-pressure CVD is key for independent growth of aligned SWCNTs and hence higher 

density growth. 



 

1. Introduction 

Because single-walled carbon nanotubes (SWCNTs) [1] have outstanding electrical, 

thermal, and mechanical properties, many research efforts have been done to control SWCNT 

growth. For many applications, alignment control of SWCNTs is critically important. Both 

post-growth alignment techniques and direct growth of aligned SWCNTs have been studied. 

The former requires dispersing SWCNTs in solutions [2], and causes degradation of 

SWCNTs due to encapsulation by surfactants and cutting into short segments by sonication. 

In contrast, the latter methods cause no degradation and accordingly enable us to use the full 

potential of SWCNTs. Direct-growth alignment methods include chemical vapor deposition 

(CVD) using an applied electric field [3], gas-flow [4], or surface structure of crystalline 

substrates [5-8]. Among these, aligned growth of SWCNTs on crystalline substrates such as 

sapphire [7, 9] and crystal quartz [8] is promising because high-density, highly aligned 

SWCNTs can be obtained. The mechanism of this alignment growth is explained by van der 

Waals interactions between SWCNTs and the surface atomic structure of crystal substrates 

for sapphire [7, 9] and for crystal quartz [10, 11]. In other words, SWCNTs grow along the 

periodic potential valleys on the substrate surface. 

 

 



Direct growth of horizontally aligned SWCNTs is desirable for the fabrication of field 

effect transistors (FETs) [12], and density enhancement of horizontally aligned SWCNTs is 

necessary for improving the performance of FETs [13]. High-density growth has been studied 

focusing on CVD conditions [14-16], catalyst preparation [15, 17-21], and surface treatment 

of quartz [22-24]. Furthermore, in addition to single-cycle growth, multiple-cycle CVD 

growth [25, 26] and multiple-cycle transfer of SWCNTs [27, 28] have been performed to 

increase the density. 

 

By the CVD method, SWCNTs with various morphologies, such as randomly oriented 

SWCNTs [29], vertically aligned SWCNTs [30], and gas-flow induced aligned SWCNTs [4] 

have been grown. Although the underlying growth mechanism of individual SWCNTs should 

be the same, different growth morphologies have specific influences on SWCNT growth due 

to interactions with the substrate, with the gas flow, or among SWCNTs. In order to control 

the density of horizontally aligned SWCNTs on quartz we need to understand the overall 

behavior of growing many SWCNTs, as well as the growth mechanism of each SWCNT. 

 

In this study, we investigated the effects of CVD conditions on the morphology of 

horizontally aligned SWCNTs grown on quartz substrates. Although CVD includes various 

parameters such as carbon source gas species, growth temperature, and gas pressure, we 



focused on the gas pressure as an important factor. For example, the growth temperature 

simultaneously affects the decomposition rate of carbon source gas in gas phase, the diameter 

distribution of catalyst nanoparticles, and the reactivity of catalyst nanoparticles, making it 

difficult to examine the growth mechanism. On the other hand, gas pressure is mainly related 

to the feeding rate of carbon atoms to the catalyst nanoparticles, and does not significantly 

effects other aspects of the growth. By changing the growth time we investigated the time 

evolution of horizontally aligned SWCNT growth and discuss the important aspect of aligned 

growth mechanism for high-density SWCNTs. 

 

2. Experimental Methods 

R-cut crystal quartz substrates (Kyocera Crystal Device Co.) were used for the growth of 

horizontally aligned SWCNTs. R-cut quartz substrates are cut parallel to the natural R-plane, 

upon which we recently reported aligned growth of SWCNTs [11]. The R-cut quartz 

substrates were treated by chemical etching with ammonium hydrogen fluoride, and followed 

by annealing in air at 900 C for 12 h. These processes improve the crystallinity of the quartz 

surface and enhance the degree of alignment of SWCNTs [22-24]. Iron with nominal 

thickness of ~0.2 nm was prepared as catalyst in a stripe pattern using photolithography, 

thermal evaporation, and lift-off. Stripes with width of 3 m and intervals of 50 m were 

patterned perpendicular to the alignment direction. After the lift-off process, the substrates 



were rinsed by distilled water, and then annealed in air at 550 C for 10 min in order to 

remove any residual photoresist. 

 

Horizontally aligned SWCNTs were grown by the alcohol catalytic CVD method [31] 

using ethanol as the carbon source gas. The CVD apparatus was composed of a quartz tube 

with an inner diameter of 26 mm surrounded by an electric furnace with a length of 60 cm. A 

substrate was placed in the chamber at the center of the heating zone, and the catalysts were 

reduced under flowing Ar/H2 (3 %) gas while increasing the temperature to 800 C. After 

reaching 800 C, the Ar/H2 gas flow was stopped and ethanol gas was introduced. The flow 

rates of the gases were controlled by digital mass flow controllers. For certain experiments, 

the Ar/H2 mixture was also introduced as a carrier gas in addition to ethanol so as to keep the 

gas flow rates at the same order for each gas pressure condition. This is because the 

decomposition of carbon source in the gas phase, which is affected by flow rate, is also 

related to the net carbon feeding rate and SWCNT growth [32]. The partial pressure of 

ethanol was determined by both flow rates and total pressure. 

 

SWCNTs were characterized by scanning electron microscopy (SEM, Hitachi S-4800), 

atomic force microscopy (AFM, SII SPI3800N), and resonance Raman spectroscopy 

(homemade system based on Seki Technotron STR-250) with an excitation laser wavelength 



of 488 nm. For AFM measurements, horizontally aligned SWCNTs were transferred using 

poly(methyl methacrylate) film [33] onto silicon substrates in order to precisely measure the 

tube diameter. 

 

 

3. Results and discussion 

3-1. Effect of CVD gas pressure 

To investigate the effect of the CVD gas pressure, horizontally aligned SWCNTs were 

grown under different ethanol partial pressures. The growth time was fixed at 10 min and the 

CVD gas pressure was varied from 60 to 1300 Pa. Figure 1 (a) shows SEM images of 

SWCNTs grown at each gas pressure. SWCNTs grew from the patterned catalyst stripes and 

aligned horizontally along the direction of the quartz x-axis. The number density of SWCNTs 

for each gas pressure is plotted in Figure 1 (b). The number density was determined at a 

distance of 10 m away from the edge of the catalyst area. We find that as the partial pressure 

of carbon source gas decreased, the density of horizontally aligned SWCNTs increased. 
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Figure 1  (a) SEM images and (b) density of horizontally aligned SWCNTs grown on quartz 

substrates under 60, 300, and 1300 Pa of ethanol. 

 

 

Horizontally aligned SWCNTs were characterized by resonance Raman spectroscopy. 

Figure 2 shows Raman spectra of SWCNTs measured at several points along the alignment 

direction with different distance from the catalyst area. The excitation wavelength was 488 

nm. Radial breathing mode peaks and split G-band peaks clearly show the existence of 

SWCNTs. Additionally, we found up-shifts of the G-band feature measured at points away 



from the catalyst area. These up-shifts are considered as the indication of strong interaction 

between SWCNTs and the surface structure of crystal quartz [34]. G-bands of aligned 

SWCNTs which are strongly bound on quartz substrates show up-shifts compared to those of 

randomly oriented, weakly interacting SWCNTs. Accordingly, these position dependent 

up-shifts of G-bands indicated that SWCNTs were randomly oriented near the catalyst area 

and aligned away from the catalyst area. 

 

 

Figure 2  Raman spectra of SWCNTs measured at four points along the alignment direction: 

on the catalyst area (0 µm) and positions of 5, 10, and 15 m away from the catalyst area.  

 

 

3-2. Growth process of horizontally aligned SWCNTs 



Next we investigated the time evolution of horizontally aligned SWCNT growth in order 

to obtain more detailed information about the growth process. SWCNTs were grown for 

different times under two gas pressure conditions of 60 and 1300 Pa. SEM images of 

SWCNTs grown at each growth time are shown in Figure 3 (a). The growth of aligned 

SWCNTs at the higher gas pressure was nearly saturated within 0.5 min, while aligned 

SWCNTs at the lower gas pressure continued to grow even after 5 min of CVD. At lower gas 

pressure, aligned SWCNTs grow at a slower rate, but eventually attain higher density than 

was achievable at higher pressure. Length distributions per unit area of horizontally aligned 

SWCNTs were measured for the space between the catalyst patterns, and are plotted in Figure 

3 (b). These data clearly show that the number and length of SWCNTs continued to increase 

for 10 min in the low pressure condition. 

 

 



 

Figure 3  Time evolution of horizontally aligned SWCNT growth at different pressures. (a, 

b) SEM images and (c, d) length distributions of horizontally aligned SWCNTs grown at (a, 

c) 60 and (b, d) 1300 Pa. 

 

 

Gas pressure of the carbon source at a certain temperature is proportional to the carbon 

feeding rates into the catalysts nanoparticles. Figure 3 showed that higher feeding rates 

caused a higher growth rate and rapid termination of aligned SWCNT growth. One may then 

assume that the high feeding rate caused rapid encapsulation and deactivation of the catalyst 

nanoparticles. To examine this possibility, we measured Raman spectra of SWCNTs in the 

catalyst area grown at 1300 Pa and plotted the G-band intensity in Figure 4 as a function of 



growth time. Since the G-band intensity is considered to be roughly proportional to the 

amount of SWCNTs in the Raman excitation laser spot area, the data indicate the temporal 

evolution of SWCNT amount in the catalyst area. The data were fitted by an equation derived 

by assuming exponential decay of growth rate [35]. 

 

where 0 represents the initial growth rate and  represents a time constant (the catalyst life 

time). The curve revealed that the amount of SWCNTs continued to increase, even though 

SEM images showed almost no change of horizontally aligned SWCNTs after 0.5 min. The 

time constant  is calculated to be 4.9 min, which is close to the value obtained for vertically 

aligned SWCNTs grown under similar conditions [35]. Therefore, we conclude that the 

high-pressure condition did not prematurely terminate the growth, but the SWCNTs did not 

grow away from the catalyst area, thus did not contribute to the increase in horizontally 

aligned SWCNTs. 

 

3-3. Effect of incubation time 

Now we consider the incubation time of SWCNT growth. A certain period of time before 

the onset of SWCNT growth has been observed by in situ measurements [36-41], and the 

time delay was interpreted as the time necessary for nucleation of SWCNTs. Figure 3 shows 

that for the high pressure case a large number of SWCNTs grew within 0.5 min, whereas in 

 

















 t

tL exp10



the low partial pressure case few SWCNTs grew within 2 min, but more continued to grow 

even after 5 min. A likely explanation for these observations is that the incubation time is 

longer at lower pressure conditions. 
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Figure 4  CVD time dependent G-band intensity on catalyst area for SWCNTs grown at 

1300 Pa. 

 

 

Previous studies showed an inverse relationship between incubation time and gas pressure 

[40, 41]. Our recent study on in situ Raman measurement [42] of SWCNT growth under 

low-pressure cold wall CVD also indicated similar results, which will be reported elsewhere. 

The origin of incubation time has been explained by the necessity of certain carbon atoms 

dissolving into catalyst nanoparticles before supersaturation, nucleation, and lift-off as 

described in the literature [43]. Note that gas pressure may affect not only the catalyst 



supersaturation by carbon atoms, but also the time duration of the reduction and the 

deformation of catalysts by surrounding gas [44]. Here we discuss the growth mechanism of 

horizontally aligned SWCNTs based on the relationship between the incubation time and gas 

pressure. 

 

From Figure 1, we found that the density of horizontally aligned SWCNTs increases with 

decreasing partial pressure of the carbon source gas. When a SWCNT starts growing, it is 

considered to grow in a direction away from the substrate [45]. As the SWCNT increases in 

length it moves around above the substrate due to thermal vibration. At some point, when the 

SWCNT touches the substrates, it starts growing along the substrate, and in the case of 

crystal quartz will align itself along the crystal structure. Here we consider two SWCNTs 

growing from neighboring catalysts nanoparticles. When two growing SWCNTs touch each 

other, they could entangle each other above the substrate by van der Waals interactions and 

form a bundle of SWCNTs. Bundling prior to alignment is considered to prevent aligned 

growth. One of the reasons for this is that two SWCNTs with different growth rates pull on 

each other, and the other is that an increase in the effective diameter of SWCNTs prevents the 

fitting of SWCNTs into the atomic scale potential valleys of the quartz surface [46]. 

Entangled and misaligned SWCNT bundles further prevent the growth of other SWCNTs 

grown later, thus reducing the final density of horizontally aligned SWCNTs. On the other 



hand, when two aligned SWCNTs grow independently without forming bundles, one 

SWCNT touches the substrate and starts aligned growth, followed later by another one. Thus, 

the difference in the incubation time decreases the possibility of forming bundles just after 

SWCNT nucleation. 

 

The experimental results reported here show that a decrease in gas pressure extends the 

incubation time of SWCNTs, thus extending the average incubation time and enhancing the 

difference in the onset of growth for different SWCNTs. Therefore, decreasing the gas 

pressure reduces the probability that neighboring SWCNTs start growing simultaneously, 

which results in more aligned SWCNT growth. Vertically and horizontally aligned nanotubes 

were grown separately by changing growth conditions [47], and this can be explained by 

critical importance of the incubation time for each morphology. A distinct incubation time 

has been hardly observed in the growth of vertically aligned SWCNTs [48], indicating that 

very small incubation time is the necessary condition for vertical growth. Hence, achieving 

vertical alignment requires that many nanotubes start growing simultaneously in order to 

bundle and form a self-supporting structure, whereas non-simultaneous nucleation of 

SWCNTs is necessary to grow horizontally aligned SWCNTs in high density. 

 

3-4. Diameter distribution and expected highest density growth 



Because the diameters of SWCNTs affect the degree of alignment of SWCNTs on crystal 

substrates [46], it could be possible that differences in gas pressure vary the diameter 

distributions of SWCNTs, which then affects the degree of alignment and SWCNT density. In 

order to examine the diameter difference, we performed AFM measurement of SWCNTs 

grown at two different gas pressures. Figure 5 shows the diameter distribution of aligned 

SWCNTs grown at 60 and 1300 Pa. Average diameters of 1.47 and 1.76 nm were obtained 

for SWCNTs grown at 60 and 1300 Pa, respectively. This slight difference can be explained 

by the relation between the SWCNT diameter and feeding rates of carbon source gas [49]. 

However, since aligned growth of SWCNTs with average diameter of 2.4 nm was reported 

previously [26], we consider the difference in diameter distribution in the present study is 

sufficiently small that it does not affect the density of horizontally aligned SWCNTs. 
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Figure 5  Diameter distributions of SWCNTs grown at (a) 60 and (b) 1300 Pa measured by 

AFM. 



 

 

Finally, we observed SWCNTs with the highest density in this study (grown at 60 Pa) 

under high magnification. SEM and AFM images are shown in Figure 6. The SWCNT 

density was about 10 tubes/m at several different points. Furthermore, the shortest distance 

between two adjacent SWCNTs shown in the AFM image is about 15 nm, which corresponds 

to a local density of > 60 tubes/m. In this study, we did not optimize conditions for the 

catalyst deposition and the surface treatment of substrates, and left these aspects unchanged 

in order to investigate the effect of gas pressure. Because these conditions can significantly 

affect the degree of alignment and the density of horizontally aligned SWCNTs [17-24], it is 

possible to further enhance the density of SWCNTs by optimizing the conditions. 

 

 

Figure 6  (a) SEM and (b) AFM images of horizontally aligned SWCNTs. (c) Cross section 

profile along the dashed line in the AFM image. 

 



 

4. Conclusions 

In summary, we investigated the growth of horizontally aligned SWCNTs on quartz 

substrates. We demonstrated that the density of horizontally aligned SWCNTs depends on the 

partial pressure of the carbon source gas. We also examined the time evolution of horizontally 

aligned SWCNT growth, and found that density of horizontally aligned SWCNTs continued 

to increase for longer time at lower pressure, in comparison with rapid saturation at higher 

pressure. Based on incubation time, growth mechanisms of aligned SWCNTs were discussed. 

By extending the average incubation time and causing larger variations in nucleation times, 

SWCNTs grew without forming bundles and high-density growth was achieved. AFM 

measurements revealed that the difference in diameter distribution by CVD pressures is small, 

and we discussed the possibility of further enhancement of SWCNT density. 
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