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 1. Introduction 

Carbon nanotubes (CNTs) have become one of the most interesting  allotropes of 

carbon since the  discovery of multi-walled carbon nanotubes (MWNTs)  by Iijima [1] in 

1991. It took almost two more years until Iijima et al. [2] and Bethune et al. [3] 

synthesized simultaneously single-walled carbon nanotubes (SWNTs). Ever since, steady 

progress has been made to successfully synthesize vertically and horizontally aligned 

arrays of CNTs over a wide range of substrates by employing different techniques. CNTs 

have shown promising mechanical, electrical, optical and thermal properties rendering 

their applications in new structural and functional materials, electrical circuitry, energy 

storage, drug delivery and many other devices of the future generation.  

Several methods have been developed to synthesize CNTs with high purity and 

controllable diameter and length at desirable location over a wide variety of substrates. 

Among the available synthesis methods, arc discharge [1], laser ablation [4], chemical 

vapor deposition (CVD) [5], diffusion flame deposition [6] and electrochemical synthesis 

[7] are commonly used techniques for the synthesis of CNTs. A scalable device 

application requires the ability of control over the alignment of CNTs. In this paper, we 

will review the current state-of-the-art synthesis, properties, characterization and 

applications of CNTs. In section 2, the CNT synthesis techniques will be discussed. Then 

section 3 will focus on the fabrication mechanism of CNT arrays (CNTAs), section 4 on 
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mechanical properties, section 5 on thermal properties and section 6 on electrical 

properties. In section 7, we will discuss some applications of CNTs and finally, this 

review concludes with a summary.  

 

2. Carbon Nanotube Synthesis 

2.1 Arc discharge 

MWNTs were synthesized originally by Iijima [1] using the arc discharge method 

(Fig. 1(a) ).  A high direct current (d. c.), typically of the order of 200 A, between two 

graphite electrodes at a potential difference of 20 V, was maintained inside a chamber 

filled with Ar gas at 100 torr resulting in MWNTs. These MWNTs had diameters 

between 4 - 30 nm and up to 1 μm in length with the separation of 0.34 nm between the 

graphitic planes (Fig. 1(b)). Introduction of 10 torr methane and 40 torr Ar with Fe as 

catalyst was conducive for the growth of SWNTs [2] with diameters ranging between 

0.7- 1.6 nm and length as long as 700 nm (Fig. 1 (c)). Large scale synthesis of MWNTs 

with 75% conversion of graphite was achieved by Ebbesen et al. [8] using helium gas at 

pressure of 500 torr and electrical potential difference of 18 V between the electrodes for 

optimum results. Journet et al. [9]  synthesized SWNTs on a large scale using a mixture 

of metallic catalysts in a He  environment at 500 torr using arc discharge.   

2.2 Laser ablation 

Guo et al. [4] pioneered the production of MWNTs by using Nd:YAG laser pulses 

over a graphite target heated to 1200ºC inside a 50 cm long, 2.5 cm diameter quartz tube 

(Fig. 2). The region inside the tube was maintained at 500 torr by flowing the Ar gas at a 

linear flow rate of 0.2 – 2 cm/s. Nanotubes are collected on the copper rod cooled by 



 3

circulating water. The as-synthesized MWNTs consisted of 4-24 layers of graphite and 

were 300 nm long. The quality of the MWNTs declined as the oven temperature was 

reduced from 1200 ºC to 900 ºC until no nanotubes were formed at 200 ºC.  Thess et al. 

[10]  optimized the process by adding transition metal catalysts to the graphite target to 

produce metallic SWNTs with yield greater than 70%. These uniform SWNTs (Fig. 3) 

self –organized into ropes like bundles of 5 – 20 nm in diameter and several micrometers 

in length. These bundles exhibit metallic transport property with resistivity less than 10-4 

Ω·cm at 300 K.  

2.3 Electrochemical synthesis 

Matveev and co-workers [7] synthesized MWNTs  from a C2H2 solution  in liquid 

NH3 below room temperature at 233K without a metal catalyst. Laboratory prepared pure 

dry C2H2 was mixed with liquid NH3 formed by cooling gaseous ammonia to get 15 – 20 

mol. % C2H2 solution and poured in a glass vessel for electrolysis. A d.c. voltage of 150 

V was applied for 5–10 h between n-type silicon (100) electrodes of dimensions 5 mm×5 

mm×0.3 mm. After electrolysis, the immersed part of the cathode was covered by a light-

gray porous layer with average thickness of 1–2 μm. The MWNTs consisted of 10-20 

graphite layers and had an average diameter of 15 nm with a high aspect ratio greater 

than 1000. The atomic hydrogen generated on the cathode initiated chain radical 

reactions and liquid NH3 promoted these reactions by stabilization of radicals, this 

process facilitates the growth of CNTs. 

 

2.4 Diffusion flame synthesis 
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Wal  et al. [6] and Yuan et al. [11, 12] have demonstrated the synthesis of SWNTs 

via a less known simple laboratory-scale diffusion flame at temperatures between 1200ºC 

-1500ºC. A combined flow of CH4 and air was used to ensure the production of stable, 

visible, laminar flame of height 65 mm at normal atmospheric pressure. CNTs were 

deposited on a stainless steel grid held in the flame and supported by a 0.4 mm wire of an 

alloy of Ni-Cr-Fe for 10-30 min. The spaghetti- and bamboo-shaped CNTs produced 

were between 20-60 nm in diameter.  

2.5 Chemical vapor deposition 

Yacaman et al. [5] used catalytic decomposition of carbon containing gas over a 

metal surface to grow carbon filaments and CNTs at relatively lower temperatures than 

that in arc-discharge and laser ablation methods. Fe catalyst uploaded on graphite 

substrate was obtained by impregnating the substrate in a 40 vol % ethanol / 60 vol % 

water solution of iron (III) oxalate. The iron oxalate impregnated graphite substrate  was 

then reduced in the mixture of N2 and  H2 at 350ºC  to convert the iron oxalate into 

metallic Fe catalyst particles and then CNTs were grown by the introduction of a mixture 

of N2 and carbon source gas C2H2 at 700ºC  for  several hours at standard atmospheric 

pressure. The as-grown CNTs measured 5 -20 nm in diameter and 50 μm in length. The 

diameter distribution and length could be controlled by the variation of concentration of 

catalysts and the time of reaction for the synthesis of CNTs. Transition metals Ni [13], 

Co [14] and Fe [15] catalysts were used successfully to synthesize CNTs using carbon 

precursors like CH4, C2H2, C2H4 and others. Li et al. [16] used a CVD technique to grow 

aligned CNTs perpendicular to a silica substrate in a large scale. Mesoporous silica 

containing iron nanoparticles were prepared by a sol-gel process from tetraethoxysilane 
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hydrolysis in an iron nitrate aqueous solution.  C2H2, diluted by N2, was used as the 

carbon precursor gas to grow CNTs on Fe catalyst nanoparticles formed after the 

reduction of the iron oxide nanoparticles. Scanning electron microscopy (SEM) images 

revealed the vertically aligned CNTs having diameters ~ 30 nm with spacing of ~ 100 nm 

(Fig 4). The length of individual CNTs in the films is approximately 50 µm. The high 

resolution TEM images show the presence of around 40 concentric shells of graphite in 

an individual CNT with a spacing of ~ 0.34 nm between the layers. The array consists of 

pure CNTs without catalyst particles or amorphous carbon. 

Kong et al. [17] synthesized horizontally oriented SWNTs over  a patterned Si substrate 

using CVD. A thin film of 0.25 μm polymethylmethacrylate (PMMA) was deposited on 

the Si substrate using spin coating at 4000 rpm. Square holes were fabricated on the 

PMMA film by an electron beam lithography. The exposed PMMA was removed by 

using organic solvents. Different solutions containing catalyst of Fe, Mo or Al was 

deposited on the patterned PMMA substrate. Finally, the PMMA film was removed by 

heating and subsequently treating with 1, 2-dichloroethane. The catalyst islands formed 

squares of 3 or 5 μm spaced at 10 μm on the Si substrate (Fig. 5).The SWNTs were 

synthesized using CH4 as the carbon precursor gas at 1000ºC. The as-synthesized SWNTs 

were 1- 3 nm in diameter and ran several micrometers in length (Fig. 5).  

 

3. Carbon Nanotube Arrays  

The unique stability, and structural, electrical, and mechanical properties render the 

possibility of using CNTs in a number of applications such as advanced scanning probes 

[18], nanoelectronic devices [8, 9],  and electron field emission sources [19, 20]. 
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However, for electronic applications, it is desirable to have high-quality CNTs in a 

controlled pattern in order to avoid post-growth treatments which generally give rise to 

defects and impurities. With this view point, CNT arrays (CNTAs) have been fabricated 

directly over silicon [21], quartz [22], steel [23], nickel [24], titanium [25], copper [26], 

platinum [27] , sapphire [28], silicon carbide [29], and others. The process of production 

of CNTAs starts with pre-positioning the catalyst on the substrates. The control of CNT 

production has been achieved by the deposition of catalyst in a predetermined pattern 

using pulsed laser deposition (PLD) [30], anodic aluminum oxide (AAO) templates [21, 

31], reverse micelle method [32], photolithography [33], electrochemical etching [34], 

sputtering [35, 36], nanosphere lithography [37], sol-gel method [38], and other methods. 

CNTA synthesis has been carried out by CVD and modified forms of CVD like d.c. 

plasma enhanced chemical vapor deposition (PECVD) [22], microwave PECVD [39] and 

others.  D.C.  bias sputtering [40], electrophoretic deposition [41], screen printing [42]  

etc have also been used to form well aligned CNTAs. Horizontal and vertical alignment 

of CNTs has been successfully achieved using the aforementioned methods.  

3.1 CNTA synthesis using patterned catalyst arrays 

The most efficient method of forming well aligned CNTA is to deposit catalysts in 

a predetermined pattern to grow CNTs selectively. Commonly used methods for catalyst 

patterning are described below.  

3.1.1 Pulsed laser deposition   

Pulsed laser deposition (PLD) utilizes laser signals of predetermined pulse width of 

several tens of nanoseconds to strike on a rotating target material. Saurakhiya et al. [30] 

used a 248 nm KrF laser with a pulse width of 23 ns and a repetition rate of 10 Hz on a 
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rotating iron target inside a vacuum chamber with base pressure of ~ 10-6 torr (Fig. (6)). 

The left panel shows the schematic of PLD. The center and right panels show the SEM 

images of the square or hexagonal arrays of aligned CNTs synthesized on the square or 

hexagon shaped catalyst arrays. The square or hexagonal pattern of catalyst on silicon 

and quartz substrates was obtained by utilizing TEM copper grids as masks during the 

PLD catalyst deposition. An aluminum sheet was used to hold and press the Cu grids to 

keep them as close as possible to the substrates. The thickness of the Fe film was 

controlled by varying the deposition time, laser power, and the distance between the 

target and substrate. Vertically aligned CNTs were produced by PECVD using C2H2 and 

H2 at 700ºC. 

3.1.2 Anodic aluminum oxide (AAO) templates 

Anodic aluminum oxide (AAO) templates with ordered nanohole arrays have been 

made by a two-step anodization of alumium (Al) [21, 31].  During a typical double 

anodization process, a clean Al sheet is first anodized at 40 V in a 0.3 M oxalic acid for 

5–6 hrs at room temperature. Then the disorderly anodic oxide layer formed during the 

process is removed in a mixture of phosphoric acid and chromic acid. The anodization 

process is repeated under the same conditions for 3–4 hrs which results in the formation 

of highly ordered porous AAO templates. The pores   have diameters of ~ 50 nm and are 

~ 100 nm apart. Figure 7 shows the SEM images of top views and cross-sectional views 

of typical arrays of AAO nanopores formed using double anodization process. 

3.1.3 Reverse micelle method 

In a reverse micelle method, metal salts are reduced to metal nanoparticles in a 

nanoscale water pool inside a glove box filled with nitrogen gas to prevent oxidation. 
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Ago et al. [32] used didodecyldimethylammonium bromide (DDAB) as the cationic 

surfactant and sodium borohydride ( NaBH4) as a  reducing agent to obtain catalyst cobalt 

particles from a cobalt chloride (CoCl2.6H2O) solution. The surfactants help to stabilize 

the nanoparticles. DDAB was dissolved in toluene with a 10 wt % concentration, 

followed by dissolving CoCl2.6H2O to a concentration of 0.005 M. With the addition of 5 

M NaBH4 aqueous solution and continuous stirring, the solution turned from light blue to 

black due to the formation of colloidal dispersion of Co nanoparticles. The as-prepared 

Co nanoparticles were purified further by repeating centrifugation and redispersion in 

toluene and acetone. The colloidal dispersion of the Co nanoparticles was finally cast on 

Si substrate and dried at room temperature. The TEM image showed that the Co 

nanoparticles with average diameter 4 nm were well separated due to the presence of 

surfactants that covered the surface of the nanoparticles. The size of the nanoparticles 

could be altered by tuning the concentration of NaBH4 solution. Vertically aligned CNTs 

were synthesized using CVD. 

3.1.4 Photolithography 

Photolithography is the mechanism of transferring a geometrical pattern onto a 

substrate using light. The photo-sensitive material called resist will form desired patterns 

upon light exposure through photomasks. Catalysts are preferentially deposited by a 

suitable approach and the resist is generally removed by chemical etching (Fig. 8). The 

process of photolithography starts with the application of a thin and uniform layer of 

photoresist to the surface of the wafer by spin coating at the speed of 1000-5000 rpm for 

a period of 30-60 s. The photo resist-coated wafer is then prebaked at the temperature of 

100 °C to remove excess photoresist solvent for 30-60 s. The prebaking is followed by 
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exposure of the photoresist to ultraviolet (UV) light through a suitably designed mask. A 

positive resist becomes soluble to the developer solution upon exposure to the UV while 

a negative resist becomes insoluble upon similar UV treatment. The UV exposed 

substrate is immersed in a developer solution to remove the photoresist and obtain the 

desired pattern. The resulting wafer is then hard baked at around 200 °C to solidify the 

photoresist. A suitable layer of the catalyst is then deposited by e-beam evaporation, 

sputtering or other methods. Finally, the photoresist is removed by wet etching in 

chemical solutions, oxygen plasma etching or other methods. Wei et al. [33] synthesized 

well aligned CNTs by CVD on patterned catalyst nanoparticles formed by using 

photolithography . The density of the CNTAs can be controlled by the pattern geometry 

on the masks used in the photolithography process.  

3.1.5 Electrochemical etching 

Xu et al. [34] have synthesized CNTA using electrochemical etching and 

selectively depositing catalysts in a pre-defined pattern. The micro-, meso- and macro-

porous Si substrates were produced in an electrochemical etching cell containing an 

aqueous HF solution. Platinum wire was used as a cathode and the crystalline Si wafer 

acted as an anode. Thin Al films were evaporated on the back of the wafers to ensure 

good ohmic contact before anodization. The electrolyte for the anodization was made 

using 48% HF and ethanol in a ratio of 1:1.  A current density of 1–80 mA/cm2 was 

maintained in darkness for 1–10 min depending on the desired thickness and porosity. 

Nickel catalyst was deposited on the pores by immersing the substrates in a nickel acetate 

solution for 24 hrs. Then the CVD method was adopted to synthesize CNTA by using H2 



 10

and Ar as reducing gases and C2H4 as the carbon precursor at 880 °C on the patterned Ni 

nanodots on the Si substrate. 

3.1.6 Sputtering 

CNTAs have been synthesized using thin films of catalysts deposited by ion beam 

sputtering [36], d.c. magnetron sputtering [40], r.f. magnetron sputtering [43], and 

reactive sputtering [44]. The target material, which is usually a circular disc, is placed 

inside a high vacuum chamber at a certain distance from a substrate. Sputtering is usually 

carried out in an inert Ar atmosphere in the presence of a d.c. power supply or an r.f. 

generator. Wang et al. [35] have used d.c. magnetron sputtering to form 20 nm thin films 

of Ni on Si and then have synthesized well aligned CNTA using PECVD using the Ni 

thin film as catalyst. C2H2 was used as the carbon precursor gas to produce vertically 

aligned CNTs around 1 μm long in less than 5 minutes at ~ 550-600°C 

3.1.7 Nanosphere lithography 

Nanosphere lithography (NSL) is another powerful tool to form patterns of catalysts 

for well-controlled growth of CNTAs. The process starts with making Si wafers 

hydrophilic by treating them with an RCA solution which is a mixture of NH4OH, H2O2 

and water in the volume ratio 1:1:5. Then sub-micron sized polystyrene spheres (PS) 

dispersed in methanol is spin-coated onto Si substrate to obtain a monolayer of PS. The 

catalyst layer is deposited by e-beam evaporation or other methods followed by the 

removal of the PS layers through wet etching. The hexagonal patterns of catalyst obtained 

can be used to grow CNTAs by CVD and PECVD methods [37, 45, 46] 

 

3.1.8 Sol-gel method  
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The Sol-gel method has been employed to form mesoporous silica containing Fe 

catalysts to grow CNTAs by CVD. Li et al. [14, 38] formed a mixture of 

tetraethoxysilane (TEOS) in ethyl alcohol and aqueous solution of iron nitrate by 

magnetic stirring for ~30 min.  A few drops of concentrated hydrogen fluoride were then 

added to form a gel. The gel was dried for one week at 60°C to remove the excess water 

and other solvents, followed by calcination for 10 hours at 450°C at 10-2 torr. A uniform 

porous silica network was obtained with iron oxide nanoparticles embedded in the pores. 

The iron oxide nanoparticles were then reduced to Fe nanoparticles at 550°C in the 

continuous flow of N2 and H2 for 5 h. Acetylene (C2H2) was used as the carbon source for 

the CVD process of CNT synthesis to obtain vertically aligned arrays of CNTs. The well 

graphitized tubes as long as 50 μm were synthesized with the spacing of 100 nm between 

the tubes (Figure 4). 

3.2 CNTA synthesis by other methods 

Joselevich [47] has investigated the application of an electric field to produce 

aligned SWNTs. The SWNTs align in the direction of an electric field and perpendicular 

to the direction of gas flow by minimizing the Van der Waals interactions with the nearby 

surfaces. The electric field between the electrodes will induce a dipole in each growing 

SWNT. The electric field then exerts a torque on those induced dipoles forcing CNTs to 

grow parallel to the direction of the electric field. Zhang  et al. [48] have used d.c. (0-

200V)  or an  a.c. (30 MHz, 10V peak-to-peak) voltage between catalyst islands to 

produce aligned SWNTs on quartz by CVD. The optimum electric fields for the directed 

growth of suspended SWNTs were in the range of 0.5 V/μm. Absence of an electric field 

resulted in random CNTs.  



 12

Lee et al. [49]  demonstrated the lateral alignment of CNTs as  the result of 

applying magnetic field during the process of catalyst dispersion on silicon substrates. 

The growth direction of CNTs was found to be perpendicular to the direction of applied 

magnetic field. Kumar et al. [50] used a bacterium Magnetospirillium magnetotacticum, 

which synthesizes intracellular, linear, single domain magnetic nanoparticles through 

highly regulated biomineralization, to produce highly orientated MWNTs on silicon 

oxide substrates by CVD. A magnetic bar of strength 17 mT was used to investigate the 

effects of magnetic field on CNT growth. The average diameter of MWNTs was 13 ± 3.6 

nm and the samples grown on the magnetotactic bacteria show the preferential direction 

of growth along the magnetic field. This suggests the possibility of synthesis of 

dimensionally controlled and spatially oriented CNTs by exploiting various 

magnetotactic bacteria as catalyst carriers with an applied magnetic field. 

3.3 Horizontal arrays of CNTs 

 Horizontal arrays of CNTs also have shown a lot of potential for device fabrication 

and have been successfully grown by different groups. Huang et al. [51-53] have grown 

millimeter long and horizontally aligned SWNTs on silicon substrates by the fast heating 

CVD process (Fig 9(a)). A slow heating process resulted in random alignment of CNTs 

as compared to good horizontal alignment obtained by rapid heating. A two-dimensional 

network of SWNTs has been directly grown on the substrates by a two-step growth 

process (Fig 9(b)) by altering the direction of flow of gases in subsequent stages. The 

well defined crossed network structure of SWNTs on a large scale enables the fabrication 

of multiterminal devices and complex circuits necessary for various applications. 
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4. Mechanical Properties  

CNTs exhibit tremendous strength as the consequence of carbon-carbon bonding 

which is considered to be the strongest bonding in nature. This property along with the 

low density and fibril shape lead to the exploration of the viability of CNTs as a 

reinforcement material in composites. Theoretical calculations by Sanchez-Portal et al. 

[54]  predicted the exceptionally high Young’s modulus of  SWNTs and MWNTs. The 

Young’s modulus depends upon the radius of the CNTs considered. Treacy et al. [55] 

measured  the Young’s modulus of individual  CNTs  by measuring the amplitude of 

their intrinsic thermal vibrations inside a transmission electron microscope. The 

measurement of 11 CNTs ranging from 0.66 – 5.81 µm in length yielded an average 

Young’s modulus of 1.8 TPa with higher modulus for thinner CNTs.  

Wong et al. [56] employed an atomic force microscope (AFM) to measure the 

mechanical properties of the CNTs and found the Young’s modulus of MWNTs was 

about 1.3 TPa. Gao et al. [57] and Hernandez et al. [58] estimated theoretically the 

Young’s modulus of individual SWNTs were at the range of ~ 0.4-0.6 TPa. 

Experimentally, Yu et al.[59] obtained an average value of 1 TPa  and Zhu et al. [60] 

obtained an average value of ~100GPa for  strands of SWNTs of diameter ~5-20 μm. 

These values are dependent on the crystallinity of the materials and number of defects 

introduced during the process of synthesis and measurement. Arrays of CNTs exhibit a 

high  adhesive force of the magnitude of 100 Ncm-2 and much stronger shear adhesion 

force than normal adhesion force [61].  Based on the theoretical and experimental results, 

CNTs are found to exhibit large Young’s Modulus of elasticity making them a viable 

supplement for rigid materials. 
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5. Thermal Properties 

The specific heat capacities and thermal conductivities of carbon nanotube are due 

to contributions of phonons. The behavior of phonons at different temperatures 

completely describe the thermal transport properties of CNTs. Figure (10) shows the 

specific heat capacity of SWNTs which exhibits the linear dependence on temperature 

from 300 K to 1K [62, 63] while exhibiting ~ T0.62 dependence below 1 K [64]. The linear 

temperature dependence is due to the linear k-vector dependence of the frequency of the 

longitudinal and twist acoustic phonons. The specific behavior of the specific heat below 

1 K can be attributed to the transverse acoustic phonons with quadratic k dependence [65]. 

The results indicate that inter-wall coupling in MWNTs is rather weak compared with its 

parent form, graphite, so that one can treat a MWNT as a few decoupled two-dimensional 

single wall tubules [63].  Figure (11) shows the expansion of Fig. (10) in the lower 

temperature region. The solid dots represent the initial run and open circles were recorded 

during rapid cooling after first warming to 77 K.  The open triangles are for the 

measurements of CNTs kept overnight in the helium environment at the temperature of 4 

K. There is a slight deviation from the original behavior of specific heat capacity of 

SWNTs due to He adsorption.  

The thermal conductivity of MWNTs is roughly linear above ~120K and becomes 

quadratic at lower temperatures, Figure 12 [63]. Kim et al. [66] measured thermal 

conductivity  using a  suspended microdevice (Fig 13). The observed thermal 

conductivity is more than 3000W/K·m at room temperature, which is 2 orders of 

magnitude higher than the estimation from macroscopic mat samples [63]. The 
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temperature dependence of the thermal conductivity of nanotubes exhibits a peak at 320 

K due to the onset of Umklapp phonon scattering (Fig 14). Berber et al. [67] theoretically  

determined an unusually high value of  6600 W/K·m for an isolated (10, 10)  nanotube at 

room temperature, comparable to the thermal conductivity of a hypothetical isolated 

graphene monolayer or diamond by combining equilibrium and non-equilibrium 

molecular dynamics simulations. These high values are associated with the large phonon 

mean free paths in the CNTs, graphene monolayer and diamond systems while 

substantially lower values are predicted and observed for the basal plane of bulk graphite. 

The numerical data indicate that, in the presence of interlayer coupling, the thermal 

conductivity of the CNTs is reduced significantly to fall into the experimentally observed 

value range.  

Shaikh et al. [68]  have demonstrated the high thermal conductivity (8.3082 W/m·K) 

of CNT film consisting of vertically aligned CNT arrays prepared using CVD on a glass 

substrate  in comparison to using CNT composite film (1.2 W/m·K) by Huang et al. [69] . 

This proves the superiority of CNTAs over films for thermal interface material. Owing to 

the superior thermal conductivity, Xu  et al. [70] have demonstrated the possibility of 

using CNTAs for integrated circuit cooling.  

 

6. Electrical properties 

CNTs are perfect one-dimensional conductors and exhibit interesting phenomena 

such as single-electron charging, resonant tunneling through discrete energy levels and 

proximity-induced superconductivity. Langer et al. [71] reported on the electrical 

resistance of a MWNT bundle from room temperature down to 0.3 K under magnetic 
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fields of up to 14 T. The nanotubes exhibited semi-metallic behavior analogous to rolled 

graphene sheets with a similar band structure. A magnetic field applied perpendicular to 

the sample axis decreases the resistance. Langer et al. [72]  later reported on the electrical 

resistance measurements of an individual CNT down to a temperature of 20 mK. The 

conductance exhibits logarithmic temperature dependence and saturates at low 

temperatures. A magnetic field applied perpendicular to the tube axis increases the 

conductance and produces aperiodic fluctuations. 

Bockrath et al. [73] measured the electrical properties of  bundles of SWNTs. A gap 

due to suppressed conductance at low bias is observed in the current-voltage curves at 

low temperatures (Fig 15). Further, several prominent peaks are observed in the 

conductance as a function of a gate voltage which can be explained considering Coulomb 

blockade transport in quantum wires and dots considering CNTs as extended quantum 

dots. Theoretical calculations predict the metallic conductivity of individual SWNTs [74].  

Tans et al. [75] measured the electrical characteristics of individual SWNTs at 

different gate voltages. Figure 16 shows the I-V curves at gate voltage of 88.2 mV for 

trace A, 104.1 mV for trace B and 120.0 mV for trace C. The inset shows similar I-V 

curves with gate voltage ranging from 50mV (bottom) to 136 mV (top). The I-V curves 

showed a clear gap around zero bias voltage. For higher voltages, the current increases in 

steps. The gaps were suppressed for certain gate voltages and have the maximum value 

corresponding to zero bias voltage. This variation of the gap with gate voltage around 

zero bias voltage implies Coulomb charging of the tube. Zhu et al. [76] used a lift-off 

process to pattern catalysts and synthesize vertical CNT arrays using CVD. Two-probe 

electrical measurements of the CNT arrays indicate a resistivity of 0.01 Ω·cm compared 
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to  8 ×10-4 Ω·cm and 12 ×10-4 Ω·cm of individual SWNTs, and the capacitance of the 

nanotube bundle was ~ 2.55 pF as the voltage was scanned from -1 V to 1 V, suggesting 

possible use of these CNTs as interconnect materials [76]  .  

CNTs are a good source of electrons through the process of field emission. The 

experimental set up to measure the field emission property is shown in Fig. (17). CNTs 

are used as cathodes and a high electric field of the order of ~2V/µm is created between a 

metal anode and the CNT cathode to measure electron emission in a low vacuum of about 

~10-7 torr. de Heer et al. [77] determined the emission characteristics  of  films of 

oriented nanotubes [78] and as grown CNTAs [20, 34, 79].  Yuning et al. [80] 

demonstrated well agreement between the experimental and theoretical values of 

emission behavior of CNTAs. The total emission current depends upon the CNTs radius 

(r), height (h) and spacing (d). The optimum space between two neighboring CNTs is 

about 75r and the height should be larger than 2.6d to obtain a large average current 

density. Hajra et al.[81] have observed the dramatic enhancement in the emission current 

density by a factor >106 with the onset field as low as 0.16 V/µm by using the plasma-

sharpened tips of nanotubes containing only a few tubes at the apex of the structure (Fig. 

18 ). Saturation in the emission current density is proposed due to the significant change 

in the tunneling barrier for a nanosized tip in a very high local electric field. Saurakhiya 

et al.[30] observed similar decrease in the threshold voltage of the as-grown CNTAs by 

laser pruning. In laser pruning process, the as-grown CNTs were irradiated by a He-Ne 

laser light with a wavelength of 632.8 nm and a power of 30 mW. Laser pruning resulted 

in the decrease of length of the CNTs by around 2 μm and better alignment of the CNTs. 

Zhao et al. [82] demonstrated that arrays of CNTs with large wall numbers exhibited 
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lower threshold voltages. To achieve a lower threshold voltage, an array of small 

diameter nanotubes with large intertube spacing (2 times the height) would be ideal. 

However, this situation was not easily achievable, as nanotube diameter and intertube 

spacing were in competition. In this case, the intertube spacing appeared dominant 

because the threshold voltage decreased despite increasing diameter. This means that 

intertube screening effects, that reduce the local electric field, are more dominant than the 

diameter on the resulting threshold voltage. Suh [31]et al. studied the field-screening 

effect of highly ordered CNTAs and concluded that the field emission was optimal when 

the tube height was similar to the intertube distance in agreement with the predictions  by 

Nilsson et al. [83]. Charlier et al. [84] demonstrated that boron doped CNTs exhibited 

better field emission with lower threshold voltage than pristine CNTs. In general, the 

straight line observed in the Fowler-Nordheim plot is the evidence of field-emission (Fig. 

19). 

 

7. Applications of CNTs and CNTAs 

7.1 Hydrogen storage 

CNTs have high potential for hydrogen storage as the gas can effectively condense 

to a high density inside narrow SWNTs. Dillon and coworkers [85] compared the 

hydrogen storage capacity of carbon soot containing only about a 0.1 to 0.2  weight 

percentage of SWNTs to that of the activated carbon (AC) at 133 K. The SWNTs with 

diameter of 1.2nm were synthesized in an electric arc discharge process. The adsorption 

of hydrogen on the SWNTs was probed with temperature programmed desorption (TPD) 

spectroscopy in an ultrahigh vacuum chamber inside a liquid nitrogen cryostat. H2 
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desorbs from SWNTs and activated carbons within the same temperature range but with 

different intensities. The signal from SWNTs is ~ 10 times greater than the signal from 

AC with the gravimetric storage density in SWNT ranging from ~5% to 10 wt % (Fig 20).  

Liu [86] et al. studied the hydrogen storage of SWNTs with mean diameter 1.85 nm, 

and purity in the range of 50 to 60 wt % at room temperature. Fig. 21 shows the uptake of 

H2 for three samples. Sample 1 was used as-synthesized; sample 2 was soaked in 37% 

HCl acid for 48 hrs to partly eliminate the residual catalysts, rinsed with deionized water  

and dried at 423K; sample 3 was heated in vacuum at 773K for two hrs after receiving 

the same treatment as sample 2. The heat treatment is to evaporate the organic 

compounds and functional groups formed in SWNTs during the synthesis procedure. A 

hydrogen storage capacity of 4.2 wt % was achieved at the pressure of 10 MPa. 

Furthermore, about 78.3% of the adsorbed hydrogen (3.3 wt %) could be released under 

ambient pressure at room temperature. Ye et al. [87] demonstrated the adsorption of  H2 

exceeding 8 wt % on highly purified crystalline ropes of SWNTs at temperature of 80K 

and pressure of ~100Pa.   

 Zhu et al. [88] measured the H2 absorption of well aligned and randomly ordered 

MWNTs produced by catalytic pyrolysis on quartz substrate at 290 K and pressure 

between 3-10 MPa. Figure 22 shows that the bundles of aligned MWNTs are better 

suitable for hydrogen adsorption as compared to randomly ordered MWNTs under 

similar conditions. This higher H2 absorption capacity of 3.4 wt % of CNTA as compared 

to 0.5 wt% of the random-MWNTs can be attributed to the strong interaction between the 

hydrogen molecules in the interstitial channels between the CNTs and the inter-layers of 

some cap-opened CNTs. Wang et al. [89]  have performed classical grand canonical 
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Monte Carlo simulations to calculate the absorption of hydrogen in tube arrays at 77K 

and 298K. The tube lattice spacing has been varied to study the optimum hydrogen 

uptake using triangular and square lattices. The strength of the solid-fluid interaction 

potential has been increased in order to identify a combination of potential and geometry 

that will meet the Department of Energy (DOE) targets of 6.5 wt % for hydrogen storage 

for fuel cell vehicles.  The DOE target values could not be reached even by tripling the 

fluid-wall potential at ambient temperatures. However, it was possible to achieve the 

DOE targets at a temperature of 77 K, if the strength of the interaction potential was 

increased by about a factor of 2 and the lattice spacing of the tubes was optimized.  

Misra et al. [90] used electrically conducting surfaces of CNTAs as cathodes for H2 

generation and absorption by electrolyzing water. Figure 23 shows the experimental setup 

used for the electrolytic measurements on the CNTAs. An electrochemical cell was 

assembled by inserting a metal tip connected to a power supply with the deionized water 

bubble on top of CNTA acting as the cathode. D.C. measurements were performed using 

a Cascade, M150 probe station, attached to a Keithley-2635 source inside a vacuum 

chamber. An application of external voltage (-10V) between the electrodes resulted in 

collection of hydrogen gas near the surface of the CNTA due to the electrochemical 

deposition of water. The amount of H2 measured (2.2 ± 0.35 ×10-5 gm) is less than the 

theoretical amount of hydrogen generated (2.6 ×10-4 gm) from flowing current over a 

period of 1 hr supporting the possibility of use of aligned CNTs as the H2 storage 

materials.  

7.2 CNTs as Sensors 
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CNTs can be used as chemical or biological sensors by exploiting their variation in 

optical, electrical, and electrochemical properties. For example, upon exposure to the 

gaseous molecules like NH3, NO2, H2O2 etc or biological species such as enzymes, CNTs 

exhibit a dramatic increase or decrease in resistance. Sensitivity and recovery time are 

two key components for the sustainable use of CNTs in detection of foreign elements.  

Kong et al. [91] studied the electric response of  semiconducting SWNTs before 

and after the introduction of  NH3 and  NO2. The I-Vg curve shifted by -4 V or +4V when 

NH3 or NO2 was introduced into the chamber, respectively (Figure 24).These shifts can 

be explained by the depletion or enhancement of hole carriers brought about by the 

introduction of the respective gases [91]. Qi et al. [92] used arrays of electrical devices 

each comprised of multiple SWNT sensors with 100% yield for detecting gas molecules. 

Polymer functionalization was used to impart high sensitivity and selectivity to the 

sensors to fabricate n-type nanotube devices capable of detecting NO2 at less than 1 ppb 

(parts-per-billion) concentrations while being insensitive to NH3. CNTAs have been 

effectively used to detect glucose [27, 93] , H2O2 [93], DNA [94], protein [95], and others 

by tracking their electrical or optical response before and after the introduction of 

particular species. 

7.3 CNTs for battery and supercapacitor applications   

CNTs can find their applications as electrode materials for highly efficient batteries 

due to their high electrochemical stability, large surface area, and unique electrical and 

electronic properties. SWNTs exhibits higher capacity of Lithium (Li) intercalation than 

graphite and disordered carbon. Theoretical calculations [96] predicted the possibility of 

almost complete charge transfer between Li and SWNTs with relatively small 
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deformation in the structure. Both the interstitial sites and inner side of the tubes are 

energetically favorable sites for Li intercalation. Theoretical calculations predict the 

possibility of one Li atom intercalation for every two carbon atoms. Cyclic 

voltammograms [97] confirm that the reversible intercalation of Li + and presence of Fe, 

Pt, or Ru nanoparticles within the tube will double the intercalation capacity.  

 

Figure 25 shows the cyclic efficiency of graphite as a function of added weight 

percent of CNTs. The efficiency of graphitic anodes increased continuously until the 

composition of 10 wt % CNTs which resulted in an efficiency of almost 100% up to 50 

cycles [98].  Wu et al. [99] demonstrated high Li ion storage capacity at 700 mAhg-1 by 

CNTs. Gao et al. [100] improved the storage capacity from 400 mAhg-1 for as-prepared 

SWNTs to 700 mAhg-1 after removing impurities and 1000 mAhg-1  by ball-milling the 

SWNTs.  

The super-capacitance property of CNTs has also been extensively studied because 

they are able to store and deliver energy rapidly and efficiently for a long life cycle via a 

simple charge separation process.  Ma et al. [101] were able to construct electrochemical 

capacitors based on CNT electrodes with specific capacitances of about 25 F cm-3 with 38 

wt. % sulphuric acid as the electrolyte. An et al. [102] reported a maximum specific 

capacitance of 180 F/g and a measured power density of 20 kW/ kg at energy densities in 

the range of 7 to 6.5 Wh/kg by using SWNTs as electrode material in supercapacitors. 

Similar measurements also reported the specific capacity of  102 F/g for the electrodes 

using MWNTs [103].  

7.4 CNTs for photovoltaic device 
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Ago et al. [104]  fabricated a photovoltaic device (Fig 26) using MWNTs as an 

electrode to collect holes and obtain an efficiency double that of the standard device with 

an indium-tin oxide (ITO) electrode. The visible light is shown through a semi-

transparent Al electrode and made to pass through polyphenylene vinylene (PPV) of 

thickness 210 nm and MWNT film of thickness 140nm in the photovoltaic device. The I-

V characteristics (Fig 27) expressed a clear diode rectification. Upon illumination of the 

device by light of wavelength 485 nm and intensity 37 μW/cm2, a photocurrent was 

observed with open-circuit voltage of 0.90 V and short-circuit current of 0.56 µA/cm2
.  

The external quantum efficiency of MWNT/PPA/Al was typically 1.5 to 2 times greater 

than the standard ITO device.  The higher efficiency could be attributed to the complex 

interpenetrating network of PPV chains with the MWNT film and the relatively high 

work function of the MWNT film. Lagemaat et al. [105] have also reported similar 

successful replacement of In2O3 : Sn by CNTs in an organic solar cell. 

 

Conclusions 

In this paper, the synthesis techniques and the mechanical, electrical, and thermal 

properties of the CNTs, especially the CNTAs, have been reviewed. We have also 

discussed some promising applications of CNTs and CNTAs in hydrogen storage, 

biological and chemical sensors, lithium batteries, and photovoltaic devices. To explore 

the applications of CNTAs, CNT arrays with controllable nanotube diameter, density, 

spacing, and degree of defects are extremely important. In addition, for wide applications 

of the CNTAs, methods for synthesizing aligned CNTs at the conditions compatible with 

current fabrication techniques of nanodevices need to be developed.   
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Figure 1: (a) Schematic of arc-discharge method. Two graphitic electrodes are typically 1 

mm apart inside a quartz tube maintained at an argon pressure of 100 torr. An electric 

discharge is produced by passing high current of the order of 100 A at 20V. CNTs are 

collected at cathode. (b) Electron micrographs of CNTs having 5, 2 and 7 walls with 

diameter 6.7, 5.5 and 6.5 nm respectively. The CNT having seven layers have the 

smallest diameter [1]. (c) Electron micrograph of a SWNT showing the diameter of 1.37 

nm produced by arc-discharge [2]. 
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Figure 2: Schematic of the oven laser vaporization chamber for the growth of CNTs. 

MWNTs are synthesized using Nd:YAG laser pulses over a graphite target heated to 

1200ºC inside a 50 cm long, 2.5 cm diameter quartz tube.  The tube is maintained at the 

pressure of  500 torr  by flowing Ar ata linear rate of 0.2 – 2 cm/s . Nanotubes are 

collected on the copper rod cooled by circulating water [4]. 
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Figure 3: TEM image showing ropes of entangled SWNTs together with a small amount 

of catalyst particles coated with amorphous carbon. The scale bar is 100 nm [10]. 
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Figure 4: SEM images of vertically aligned CNTs.  Left panel: Low magnification 

showing CNT film of thickness 50 μm Right panel:  High magnification with CNTs of 

diameter ~ 30 nm and spacing ~ 100 nm [14]. 
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Figure 5: Left panel: Schematic of fabrication of catalytic island and CVD growth of 

aligned CNTs. Right panel: Large scale phase image recorded by tapping mode AFM 

showing CNTS grown from the patterned islands and bridging between islands. The scale 

bar is 2 µm [15] 
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Figure 6: Left panel: Schematic of pulsed laser deposition to produce a thin film of Fe on 

Si substrate. The patterns are created using Cu grids used for TEM. Center panel: 

Rectangular array of CNTs grown by PECVD. Right panel: Hexagonal arrays of CNTs. 

The insets in the center and right figures show the square and hexagonal meshes used 

during the catalyst PLD deposition process. The scale bars are 10 μm [30]. 
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Figure 7: Typical SEM images of nanopore arrays (a) Top view (b) Cross-sectional view 

anodic aluminum oxide (AAO) template [21, 31].  
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Figure 8: Schematic of the process of photolithography. A light sensitive material called 

photoresist is first coated on a silicon substrate. The spin-coating is followed by exposure 

to UV light through a mask. The exposed area of a positive resist materials dissolves in 

the developer solution while the unexposed region dissolves in the case of negative resist 

leaving behind the predetermined patterns of the mask. 
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Figure 9: SEM images of (a) horizontally aligned SWNTs  prepared by fast heating 

process and (b) networks formed by horizontal CNTs  as a result of two step growth 

procedure [51] 
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Figure 10: Specific heat of a sample consisting mainly of SWNT ropes on cooling from 

300 – 2 K. The specific heat capacity of MWNTs exhibit linear dependence on 

temperature from 300 K to 1K while ~ T0.62 dependence below 1 K  [62]. 
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Figure 11: Low temperature behavior of specific heat: solid dots represent run 1, and 

open triangles represent a heating run after leaving the sample at 4 K overnight showing 

the effects of helium adsorption at 4 K and desorption at 20 K. Open circles were 

recorded for second cooling run after warming to 77 K and overlap perfectly with the 

first run. [62]. 
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Figure 12: The temperate dependence of the thermal conductivity of MWNT samples. It 

is almost quadratic (k ∞ T1.98 ±0.03) at temperatures below 120 K and roughly linear above 

120 K [63] 
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Figure 13: SEM image of a microfabricated device. The islands of two silicon nitride 

membranes are suspended on silicon nitride beams. A platinum thin film resistor serves 

as a heater on each of the islands.  A small bundle of CNTs form a bridge between the 

islands to form a thermal contact. The scale bar is 10 μm [66].  
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Figure 14: The temperate dependence of the thermal conductivity of MWNT samples 

[66]. It is almost quadratic (k ∞ T1.98 ±0.03) at temperatures below 120 K and roughly 

linear above 120 K [63].  Solid lines represent )(Tκ  of an individual MWNT of diameter 

14 nm. Broken and dotted lines are for bundles of diameters 80 nm and 200 nm.  
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Figure 15: I-V characteristics at different temperatures for the rope segment between 

contacts 2 and 3. The left inset is an AFM image of the device fabricated to measure the 

electrical property of a CNT rope. Right inset is schematic energy-level diagram of the 

two 1D sub-bands near one of the Dirac points with k along the tube axis [73]. 
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Figure 16: I-V characteristic of the nanotube at a gate voltage of 88.2 mV (trace A),  

104.1 mV(trace B) and 120.0 mV (trace C). Inset shows more I-V curves with gate 

voltage ranging from 50mV (bottom) to 136 mV(top) [75]. 
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Figure 17: Experimental setup of measurement of field emission property. CNTs are used 

as cathodes [34]. A high electric field of the order of ~2V/µm is created between a metal 

anode and a CNT cathode to measure electron emission in low vacuum of ~10-7 torr.  
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Figure 18: Typical field emission curves showing current density versus the electric field 

[81]. Emission current for CNTs with tips pruned for different times show different 

values at different electric fields. There is no electron emission below a threshold voltage.  

 

 

 

 

 

 

 

 



 49

 

 

 

 

Figure 19: The straight line graph of logarithm of (I/E2) versus 1/E, popularly called as 

Fowler-Nordheim (F-N) plot, is the evidence of field emission phenomenon [34]. 
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Figure 20: Temperature programmed desorption (TPD) spectra of hydrogen desorption 

[85]. a) TPD spectrum of as-produced SWNT sample after standard hydrogen exposure. b) 

TPD spectrum of activated carbon sample, magnified 10 times, after standard hydrogen 

exposure. c) TPD spectrum of SWNT sample after heating in vacuum to 970 K and 

standard hydrogen exposure. 
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Figure 21: The Hydrogen uptake of SWNTs [86]. Sample 1 was used as-synthesized; 

Sample 2 was soaked in 37% HCl acid for 48 hrs, rinsed with deionized water  and dried 

at 423K; Sample 3 was heated in a vacuum at 773K for two hrs after receiving the same 

treatment as sample 2. The heat treated SWNTs exhibited maximum hydrogen storage 

capacity of 4.2 wt % at the pressure of  10 MPa. 
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Figure 22: Comparison of H2 adsorption between bundles of aligned SWNTs and random 

oriented SWNTs [88]. At lower pressures ~ 3.5 MPa, there is no significant difference in 

hydrogen adsorption between the aligned SWNTs and random SWNTs. However, 

aligned SWNTs exhibit a enhanced hydrogen storage at pressures ~ 10 MPa. 
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Figure 23: Schematic diagram of the experimental setup used for measuring the 

electrolytic reaction measurements on the CNT forests. The top section is the enlarged 

view for clarity of the sample area with the details on the probe’s positioning [90].  
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Figure 24: Current versus gate voltages curve before NO2 (circles), after NO2 (triangles) 

and after NH3 (squares) [91]. There is an evident shift to the left in the I-Vg curve by -4 V 

and shift towards right by + 4 V with the introduction of NH3 and NO2, respectively. 
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Figure 25:  The cyclic efficiency of graphite as a function of added weight percent of 

CNTs [98]. The efficiency of graphitic anodes increased continuously until the 

composition of 10 wt % CNTs resulted in an efficiency of almost 100% up to 50 cycles 
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Figure 26: Schematic of a photovoltaic device. Visible light is shone through semi-

transparent Al electrode and made to pass through polyphenylene vinylene ( PPV ) of 

thickness 210 nm and MWNT film of 140nm [104].  
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Figure 27: I-V characteristics of an MWNT/PPV/Al device in the dark (closed circles) 

and under illumination at a wavelength of 485 nm and intensity of 37µW/cm2 (open 

circles). Inset is the representation of the same data with a logarithmic current axis [104]. 

 

 

 

 

 

 

 

 

 


