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Zeolite type material (AlPO-5, AFI-type) with rod-like morphol-

ogy and mono-dimensional channel system running along the 

long crystal axis was vertically grown on a stainless-steel plate. 

The organic template used in the synthesis was carbonized to 

generate single-walled carbon nanotubes (SWCNTs). Thus, 

SWCNTs with a diameter of 0.4 nm, perfectly aligned and 

vertically oriented to the support surface with a density of 2.6 × 

10
5
 SWCNTs μm 

2
, were obtained. The free end of AlPO-5 

crystal was chemically etched in order to create contact surface 

and measure the conductivity of SWCNT@AlPO-5 film which 

was found to be 4.16 × 10 
1
 Ω 

1
 cm 

1
. This approach of aligned 

SWCNTs can be applied to different types of substrates, thus 

opening the road to practical uses of SWCNTs. 

 
 
Single-walled carbon nanotubes (SWCNTs) are the most plausible 

alternative of silicon-based electronic devices due to their 

exceptional transconductance and current-carrying capacity.
[1]

 

Aviram and Ratner first proposed individual mole-cules as functional 

electronic devices and opened the route to molecular electronics.
[2]

 

The discovery of multi-walled carbon nanotubes (MWCNTs) by 

Iijima
[3]

 attracted the interest of different communities and the 

research in this field constantly grows.
[4–13]

 The next big step to 

nano/molecular electronics was the discovery of SWCNTs.
[14,15]

 

However, the exceptional potential of SWCNTs can only be explored 

if they are properly integrated into electronic devices.
[16–19]

 Arrays of 

SWCNTs would be ideal for electronic devices if the tubes are 

aligned and tightly packed. Traditional preparation methods of 

SWCNTs include arc discharge,
[14]

 laser ablation
[20]

 and chemical 

vapour deposition (CVD).
[21]

 In the past decade the research efforts 

were dedicated to the preparation of arrays of densely packed 

SWCNTs in order to improve the current drive capability, 

transconductance and cut-off frequency in applied devises 

prototypes as electrochemical capacitors,
[22]

 and integrated circuits 

in digital and radio frequency electronics.
[23]

 Researchers from IBM 

pointed out that a density of 125 SWCNTs μm 
1
 will  

 
have to be achieved in order for carbon nanotubes to be 

included in integrated circuits (IC).
[24]

 At present, the prepara-

tion of large-area high-density nanotube arrays is still a 

challenge, although various physical and chemical approaches 

have been employed.
[25–36]

 Misalignement and non-uniformity of 

carbon nanotube arrays are the major roadblocks to the practical 

uses. An alternative approach that could circumvent these 

difficulties is the use of a porous scaffold that controls the 

alignment and density of SWCNTs.
[37–39]

 Microporous zeolite 

type crystals with Angstrom size well define pore system present 

a perfect scaffold for such preparation.
[40]

 The stratege of this 

work was to select porous materials with ideal straight channels 

as templates, and AlPO4-n family molecular sieves were 

preferred. As a one-dimensional quantum wires, carbon 

nanotubes have different conductivity due to their different sizes, 

the thinner in diameter and smaller the spacing between the 

tubes, the higher density arrangement of the same area would 

be. Moreover Tang et al. have already demonstrated the 

possibility to grow 0.4 nm SWCNTs in AlPO-5 (AFI-type) 

crystals.
[41]

 Here we report a method that allows fabricating 

ultra-high densely packed and aligned SWCNTs.  
Film of densely packed AlPO-5 crystals was grown on a 

stainless-steel substrate with size 4 x 4 cm (Figure 1A, B). The 
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Figure 1. Top (A) and cross-section (B) SEM images of AlPO-5 film. 

Thin film (C) and powder (D) XRD patterns of AlPO-5.  
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crystals building the film are 5 x 100 μm in size, exhibiting the 

typical of AlPO-5 hexagonal prism morphology. The long c-axis, 

along which is running the twelve-membered ring channel, is 

vertically oriented to the substrate surface. The vertical 

orientation of the crystals is confirmed by the XRD pattern of the 

film where the (002) peak is very intense. The height of  
(102) peak is reduced substantially (Figure 1C) and the intense 

peaks with (h00) or (hk0) indices are not visible (Figure 1D). The 

carbon nanotubes were formed by pyrolysis between 450 °C and 

800 °C of the organic template used in the synthesis of AlPO-5. 

The process was optimized by using different organic templates 

and pyrolysis conditions.
[42,43]

 The sample obtained at 800 °C 

showed the best performance and was selected for more 

detailed analysis. Being pyrolyzed in vacuum at 800 °C the film 

remains intact as confirmed by the SEM analysis (Figure S2). 

The 0.4 nm SWCNTs prepared are aligned and stable when 

confined in the AFI framework. However, after extraction from 

the AFI channel system the self-standing nanotubes is difficult to 

be employed for practical uses due to the strong curvature 

effect. 
 

No N H band (3174-3241 cm 
1
) was observed in the IR 

spectrum of pyrolyzed sample revealing the full conversion of 

TrPA (tripropylamine) template (Figure S1). The impact of the 

temperature of pyrolysis on the formation of SWCNTs was 

studied by Raman spectroscopy (Figure 2, Table 1). The Raman 

spectrum of SWCNTs comprises three main segments.
[44]

 The 
 

 
 

high-frequency region 1500–1620 cm 
1
 with the G bands near 

1600 cm 
1
 corresponds to the tangential band stretching 

vibrations. The G band further split into two parts, G
+
 (1615 cm 

1
) and G (1599 cm 

1
), due to the curvature effect. The 

intermediate-frequency region (1200-1500 cm 
1
), with D band 

near 1350 cm 
1
, corresponds to the carbons with some defects, 

as the most common case is atomic vacancy defect. The low-

frequency region (200-800 cm 
1
) with a peak centered near 530 

cm 
1
 is attributed to tubular vibrations along the radial direction, 

which is specific of SWCNTs bearing tubular structures.
[39,45–47]

 

Figure 2A represents the Raman spectrum of SWCNTs@AlPO-5 

film prior to etching, where the radial breath-ing mode (RBM) of 

SWCNTs@AlPO-5 at 508 and 550 cm 
1
 is assigned to the 

semiconducting (4, 2) and (5, 0) SWCNTs.
[48]

 The relative ratio 

of the RBM to G-band, namely IRBM/IG values range between 

0.1 and 4 for different carbon nanotube.
[49,50]

 In this work, the 

intensity of RBM bands at 534 cm 
1
 and the line width of the G-

band in 1599 cm 
1
 was 0.19, indicating TrPA was well 

carbonized into SWCNT inside the AIPO-5 channel. After 

etching, the RBM bands shifted to lower frequency due to the 

weakened interaction between the AlPO-5 framework and 

SWCNTs wall (Figure 2B). The diameter of the SWCNTs (dt) 

was estimated to be 0.42 � 0.02 nm by empirical formulas 

ωRBM = A/ dt (ωRBM is the RBM peak frequeney, A = 223.75 cm 
1
 nm

[51]
), which matches with the TEM observation.  

The connection of ultra small carbon nanotubes formed in 

the zeolite channel to the measuring device is probably the most 

challenging part of this study. We achieved this by controlled 

etching of the AlPO-5 crystal in 0.15 M KOH ethanol solution. 

The treatment was performed at room temperature in order to 

slow down the etching kinetics. The best result was obtained 

after 25 days of etching. Figure 3A represents the 
 

 
 
 
 
 
 
 

 
Figure 2. Raman spectra of SWCNTs@AlPO-5 film subjected to 

pyrolysis at 800 °C: (A) before and (B) after etching. 
 

 
Table 1. Raman bands of the SWCNTs@AlPO-5 thin films obtain after 

carbonization at different temperatures 
 
 Carbonization RBM D band frequencies G band    
 temperature frequencies (1200-1500 cm 

1
) frequencies    

 (°C) (400-600 cm 
1
)  (1500-1620 cm 

1
)    

 450 533 1237,1337,1441 1580    
 500 537 1224,1335,1452 1588    

 550 529 1219,1338,1441 1572    

 600 533 1241,1343,1451 1580    

 650 536 1249,1335,1452 1588    

 700 532 1229,1337,1462 1600    

 750 533 1229,1288,1304, 1595,1614    

   1344,1394,1430,   Figure 3. SEM images of AlPO-5 crystal prior to (A) and after etching (B) with 

   1453,1473   0.15 M KOH ethanol solution. High resolution TEM image of AlPO-5 crystal 

 800 534 1233,1291,1387, 1599,1615  (C) and the free extremity of the carbon nanotubes after the crystal etching 

   1424,1453,1473   (D).  

      
      

       

  



 

typical hexagonal prisms of AlPO-5 with straight and sharp 

edges on the pinacoidal face. After etching, the straight edges of 

AlPO-5 crystal (Figure 3A) became rounded and step of 

dissolution can be observed on the prismatic face (Figure 3B).  
Figure 3C shows the [020] and [120] crystal plane of AlPO-5 

crystal with interplanar space of 5.90 Å and 4.55 Å, respectively. 

Partly unmolded carbon nanotubes emerging from zeolite 

channels can be seen in Figure 3D. As revealed by the TEM 

study, the diameter of the SWCNTs obtained in the channels of 

AlPO-5 is 0.42 nm. It should be noted that SWCNT is unstable 

when all the AIPO-5 was removed by etching.
[37,52–54] 

 
Thermogravimetric analysis (TGA) was used to estimate the 

SWCNTs content inside the AlPO-5 (Figure S3). Upon being 

heated to 600 °C in dry air, the SWCNTs@AlPO-5 film together 

with the substrate exhibits a weight loss of 0.8 wt.%. Thus, the 

formation yield of SWCNTs was evaluated to be 12.8%. 

Considered the size of the AIPO-5 crystals, the density of 

SWCNTs was estimated to be 2.6 × 10
5
 SWCNTs μm 

2
 (or 162 

SWCNTs μm 
1
). To our best knowledge, this value is among the 

highest density of SWCNTs to date and surpasses the target 

(125 CNTs μm 
1
) of IC.

[24]
 The electric transport properties of 

SWCNTs-containing film were studied after pasting double-sided 

carbon conductive tape, as shown in Figure 4A.  
Current-voltage (I V) properties are measured in the 

temperature of 27 °C (Figure 4B). The conductivity of the 

SWCNTs@AlPO-5 film is1.31 × 10 
6
 Ω 

1
 cm 

1
. Given that 

each SWCNT in the film is connected in parallel, the 

conductivity of the single SWCNT inside the AlPO-5 channel 

is calculated to be 4.16 × 10 
1
 Ω 

1
 cm 

1
, which is comparable 

to the previous literature data.
[37] 

The density of carbon nanotube reported previously is 

summarized in Figure 4C.
[55–62]

 As can be seen, our strategy 

provides SWCNTs with a higher density than previously 

reported methods with the exception of the horizontally  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Schematic presentation of the experimental setup (A); I V 

curve of SWCNTs@AlPO-5 film (B); and density of CNTs reported in 

the previous publications (C).  

 

oriented CNTs prepared by Cao et al. using the Langmuir-

Blodgett method.
63

 However, the vertically aligned arrays show 

higher thermal conductivity and offer advantages for practical 

applications.
[64–67]

 Thus the present study represents a big step 

ahead not only the preparation of aligned densely packed 

SWCNTs, but also in their production in a form appropriate for 

practically uses. This work represents a robust method to 

achieve ultrahigh density vertically aligned SWCNTs arrays. 

Owing to the ultra-small diameter of the SWCNTs, which is 

much smaller than that of the silicon transistors (90 nm) currently 

used, the future integration density could be improved 

substantially. Consequently, the resistance loss of the wire and 

the capacitance between the wires will be reduced, 

accompanied by the increasing operating frequency and 

decreasing the energy consumption.
[59,68]

 This may well solve 

the signal delay problem in the application of logic circuits.  
To summarize, AlPO-5 film-derived ultra-small vertically-

oriented SWCNTs with diameter 0.4 nm were synthesized by 

pyrolysis of the organic (TrPA) template. The free-standing end 

of AlPO-5 crystals was etched in order to connect the ultra-small 

nano-tubes to a circuit. The conductivity of the SWCNTs@AlPO-

5 film is 1.31 × 10 
6
 Ω 

1
 cm 

1
. The SWCNTs density is estimated 

to be 2.6 × 10
5
 SWCNTs μm 

2
 (162 SWCNTs μm 

1
) surpassing 

the target of 125 SWCNTs μm 
1
 postulated by Franklin.

[24]
 Each 

SWCNT in the film is connected in parallel. According to this 

fact, the conductivity of the single SWCNT@AlPO-5 was 

estimated to be 4.16 × 10 
1
 Ω 

1
 cm 

1
. The SWCNTs array is 

semiconductor type, and its size is far smaller than the 

dimensions of semiconductor materials currently used in 

computing and data storage. This material is expected to 

overcome the size limitation of silicon-based materials and have 

the potential to be used in electronic devices, significantly 

increasing computing speed and storage capacity. 

 

Supporting Information Summary 
 
The supporting information contains experimental procedures 

(Part 1), characterization and calculation process of materials 

(Part 2). References related to experimental section were show 

in Part 3 of supporting information. S1-S3 display the IR, XRD 

and TGA, the corresponding group attribution are also given. 
 
 
Keywords: aligned SWCNTs · AlPO-5 · molecular wire · 

high density carbon nanotube 
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