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We used both R-cut and R-face crystal quartz substrates for the growth of horizontally aligned single-

walled carbon nanotubes (SWNTs). The R-plane (10–11) is one of the low-index crystallographic 

planes of crystal quartz. The surface cut from a synthetic quartz block parallel to the R-plane was used 

as R-cut substrates, and the exposed R-plane was used as R-face substrates. We elucidated that the 

atomic structure of the R-plane causes the alignment of the SWNTs. While a step-and-terrace structure 

clearly appeared on R-face substrates, SWNTs were aligned on the terraced area of the R-plane, 

regardless of the direction of the step edges. Comparison between R-face and ST-cut substrates suggests 

that the ST-cut surface can be considered as a collection of tiny r-plane (01–11) domains, which are 

very similar to the R-plane (10–11). 
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1. Introduction 

Single-walled carbon nanotubes (SWNTs) are promising materials for future electronic devices 

because they have unique electrical conductivity properties1 that can be metallic or semiconducting 

depending on their chirality (n, m) and high carrier mobilities2,3. Because SWNTs are stable even at 

high temperatures due to extremely low carbon atom diffusion, they are expected to have higher 

maximum current densities than copper and gold wires. However, the maximum current per SWNT is 

low because they have small diameters (a few nanometers). Therefore, an integration technique is 

required to realize SWNT-based electronic devices. 

 

One integration method is orientation-controlled growth of SWNTs, which is generally based on 

chemical vapor deposition (CVD). SWNTs are aligned by applying an electric field4,5, using CVD gas 

flow6,7, or using single-crystal substrates8,9. Although the alignment direction can be varied by applying 

an electric field or gas flow, SWNTs aligned by these methods do not have very high degree of 

alignment. In contrast, SWNTs can be aligned in a specific direction when using single-crystal 

substrates with relatively high degree of alignment. Sapphire (Al2O3) and quartz (SiO2) substrates have 

been used as single-crystal substrates. The alignment of SWNTs depends on the cutting angle of the 

substrate and the surface treatment process used, which indicates that the surface atomic structure is 

important for horizontally aligned SWNT growth on both sapphire8,10,11 and quartz substrates9,12-16. 

 

Horizontally aligned SWNTs have been grown on quartz substrates that have been cut at various 

angles (e.g., ST-, Y-, and AT-cut) and the alignment mechanism has been discussed16. It is considered 

that the interaction between SWNTs and the substrate surface generates a periodical potential and that 

SWNTs grow parallel with the potential valley. ST-cut quartz substrates are extensively used for 

growing horizontally aligned SWNTs. ST-cut quartz substrates are easily available because they are 

piezoelectric and used as stable oscillator components. However, the atomic structure of ST-cut quartz 
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surface is not simple and has not been determined because the cutting angle of the ST-cut does not 

correspond to any low-index crystallographic plane of quartz. This makes it difficult to discuss the 

alignment mechanism on ST-cut quartz. 

 

To control and improve the SWNT alignment (in terms of degree of alignment, number density, etc.), 

it is critical to understand the surface structure of quartz substrates and the interaction between these 

substrates and SWNTs. In this study, we investigated the alignment mechanism on ST-cut quartz by 

growing SWNTs on quartz substrates with two different cutting angles, namely ST-cut and R-cut 

substrates. R-cut substrates are cut parallel to the singular R-plane (10–11) of quartz, which is a stable 

low-index surface. Moreover, we used the R-face (10–11) surface, which appears on a quartz block. We 

grew SWNTs on various quartz substrates. We discuss the mechanism of horizontally aligned SWNT 

growth based on the results obtained. 

 

2. Experimental 

SWNTs were synthesized by alcohol catalytic CVD17. Fe/Co nanoparticles supported on zeolite 

particles were used as the catalyst. Because the catalytic metal nanoparticles (Fe/Co) were supported on 

zeolite particles, the catalyst properties (nanoparticle size, catalyst activity, etc.) were ensured to be 

independent of substrates. These zeolite particles were dispersed in ethanol and the dispersion was 

dropped on substrates. The substrates were heated in an Ar/H2 (3 vol. %) gas mixture in an electric 

furnace. At the CVD temperature (800 °C), the Ar/H2 gas was exchanged with ethanol gas (pressure: 1 

kPa; flow rate: 450 sccm) and SWNTs were synthesized. The CVD time was 10 min.  

 

Various quartz substrates were used for supporting the zeolite particles. ST-cut and R-cut substrates 

(Kyocera Corp., Japan) were cut at different angles (see Fig. 1). Additionally, we used the exposed R-

face (10–11) quartz substrates (Kyocera Corp., Japan). The R-face substrates were directly cut from 

synthetic quartz blocks. Although ST-cut quartz substrates are widely used for growing horizontally 
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aligned SWNTs12-16, the Miller index of ST-cut is approximately (0 23 –23 27) and the surface of ST-

cut substrates does not correspond to any low-index crystallographic surface of quartz. The cutting 

angle of ST-cut substrates is nearly parallel to the r-plane (01–11) and that of R-cut substrates is parallel 

to the R-plane (0–111), which is equivalent to R-plane (10–11) (see Fig. 1). R- and r-faces are stable 

surfaces that appear in natural and artificially grown quartz. They have relatively low growth rates18 and 

surfaces with similar atomic structures. In advance, mild chemical etching (30% ammonium hydrogen 

fluoride at 25 °C for 5 min) and annealing (at 900 °C in air for 13 h) were applied as surface treatments 

in some cases.  

 

SWNTs and the quartz substrates were analyzed by scanning electron microscopy (SEM; S–4800, 

Hitachi) and atomic force microscopy (AFM; SPI3800N, Seiko Instrument Inc.). Raman scattering 

measurements were used to characterize the SWNTs. The excitation laser wavelength was 488.0 nm. 
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Fig. 1  Quartz block and quartz substrates with various cutting angles. 
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Fig. 2  SEM images of SWNTs grown on (a, b) etched R-cut and (c, d) R-face quartz substrates. The 

quartz substrates were (a, c) unannealed and (b, d) annealed. The arrows indicate the direction of the x-

axis of crystal quartz.  

 

3. Results and Discussion 

Figure 2 shows SEM images of SWNTs grown on etched R-cut and R-face substrates. Substrates (b) 

and (d) in Fig. 2 were annealed at 900 °C for 13 h in air prior to CVD. The SEM images show zeolite 

particles that are a few micrometers in diameter. Many SWNTs grew from zeolite particles and some 

reached the surface of the quartz substrate and continued to grow, interacting with the substrates. As 

seen in Fig. 2, almost all the SWNTs were aligned parallel to the x-axis. Thus, horizontally aligned 

SWNTs were grown on etched R-cut and R-face substrates and they were aligned parallel with the x-

axis. Moreover, the annealing treatment clearly enhanced the SWNT alignment. The alignment 
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direction and effect of annealing on etched R-cut and R-face substrates were the same as those for ST-

cut substrates12,15. SWNTs were also aligned parallel to the x-axis of unetched R-cut substrates (not 

shown). 

Figure 3 shows a Raman spectrum of SWNTs grown on quartz substrates. The distribution of radial 

breathing mode (RBM) peaks19 in the Raman spectra indicates that the SWNT diameters range from 0.9 

to 1.5 nm. The tube diameter distribution and the SWNT quality (the G- and D-band intensity ratio) 

were independent of the quartz substrate and annealing. 
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Fig. 3  Raman spectrum of SWNTs grown using a catalyst of Fe/Co nanoparticles supported on zeolite 

particles. Note that SWNTs were not aligned because the sample was prepared from plenty of zeolite 

particles on R-cut substrate for the Raman measurement. The inset shows RBM peaks in the lower 

wavenumber region. 

 

Figure 4(a–c) show AFM images of an etched R-cut quartz substrate, an unetched R-cut quartz 

substrate, and a pristine R-face quartz substrate, respectively. For reference, Fig. 4(d) shows an AFM 

image of an ST-cut quartz substrate that had been chemically etched. The etched R-cut substrate (Fig. 

4(a)) exhibits a complex dimpled structure, while the unetched R-cut substrate (Fig. 4(b)) has a step-

and-terrace structure. The etched ST-cut substrate (Fig. 4(d)) has a dimpled structure similar to that of 

the etched R-cut substrate; the dimpled structure was thus considered to be caused by chemical etching. 
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Since the etching rate depends on the crystal plane, the surface structure of the etched quartz substrates 

varied depending on the cutting angle20. The step-and-terrace structure was more apparent on the R-face 

substrate (Fig. 4(c)). The step height was estimated to be approximately 0.3 nm from the cross-section 

profile (inset of Fig. 4(c)), which corresponds to the lattice spacing of the (10–11) plane (0.334 nm). 

This indicates that both the R-face and unetched R-cut substrate consisted of singular R-plane (10–11) 

and that the atomic structure of the R-plane (10–11) caused SWNTs to align parallel with the x-axis. 
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Fig. 4  AFM images of the surface structure of (a) etched R-cut, (b) unetched R-cut, (c) pristine R-face, 

and (d) etched ST-cut quartz substrates. These substrates are unannealed. The arrows indicate the 

direction of the x-axis. The inset of (c) is the cross-section profile along the dotted line.  
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The x-axis in quartz has high symmetry regardless of the crystal phases (α-, β- and tridymite) and it 

exists on the (10–11) surface. On the other hand, the Z-cut substrate has a (0001) surface and SWNTs 

didn’t align on it. SWNTs grown on Z-cut substrates exhibited approximately three-fold symmetry12, 

which corresponds to the three-fold symmetry of the atomic structure of the (0001) surface. This implies 

that the high translation symmetry of the atomic structure on the substrate surface directly determines 

the orientation of aligned SWNTs. 

 

Crystal quartz undergoes various phase transitions on heating21. Quartz is in the α-quartz phase at 

room temperature and transforms into β-quartz at 573 °C. The transition from α- to β-quartz occurs 

rapidly since it involves small changes of the lattice constants. On the other hand, the phase transition 

between β-quartz and the tridymite structure at 867 °C is very slow. Although the annealing temperature 

(900 °C) was higher than both transition temperatures, we believe that the structure transitions didn’t 

affect the aligned growth of SWNTs. Even though the annealing treatment clearly enhanced the SWNT 

alignment (see Fig. 2), AFM observations did not reveal any structural changes of R-face or unetched 

R-cut substrates on annealing. SWNT alignment on sapphire substrates is also enhanced by annealing22 

and sapphire substrates undergo structural change on annealing23. This enhanced SWNT alignment may 

be related to the structural change of the substrate, although the details are still under discussion24. This 

comparison suggests that quartz has a more stable atomic structure with respect to annealing than 

sapphire and annealing doesn’t induce a structural change in quartz at least within the AFM resolution. 

 

R-cut and R-face substrates showed the same SWNT alignment direction and annealing effects as ST-

cut substrates. Therefore, ST-cut surface can be regarded as a collection of tiny r-plane (01–11) 

domains15 since the angle difference between ST-cut surface and r-plane (01–11) is small 

(approximately 4°) and both R-plane (10–11) and r-plane (01–11) are poorly etched in general20. This 

suggests that SWNTs could be aligned by the domains of the r-plane (01–11) on ST-cut substrates. 

Although ST-cut substrates are widely used for horizontal alignment of SWNTs, their surface structure 
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is not atomically flat, as mentioned above. In contrast, R-cut substrates have singular R-plane (10–11) 

and achieve comparable or superior SWNT alignment to ST-cut substrates. Thus, R-cut substrates are 

suitable for growing aligned SWNTs and for investigating the SWNT alignment mechanism. 

 

4. Conclusions 

In conclusion, we synthesized horizontally aligned SWNTs on various quartz substrates (ST-cut, R-

cut, and R-face) and investigated their alignment mechanism. On these quartz substrates, the SWNTs 

were commonly aligned parallel to the x-axis direction and the SWNT alignment was enhanced by 

annealing. The results showed that the atomic structure of R-plane (10–11) aligned SWNTs. Therefore, 

the ST-cut substrate surface is considered to be a collection of tiny r-face (01–11) domains, which align 

SWNTs parallel to the x-axis. 
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