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Herein, we design and develop a field emission device utilizing highly porous carbon nanocup (CNC) films. These three-dimensional 
(3D) low-aspect ratio CNC structures were fabricated by a combination of anodization and chemical vapor deposition techniques. The 
low turn-on fields of 2.30 V/µm were observed to draw an emission current density of 1 µA/cm2 and a maximum emission current 10 

density of ~ 1.802 mA/cm2 is drawn at an applied field of ~ 4.20 V/µm. The enhanced field emission behavior observed from the CNC 
films is attributed to excellent field enhancement factor of 1645. The observed field emission properties of CNC arrays are attributed 
synergistic combination of high aspect ratio, nano-sized radius of curvature, highly organized distribution of the emitters over the whole 
area of specimen and lower screening effect of the CNC arrays. These observations shed light on the effect of the stacking carbon layers 
of CNC on their electronic properties and open up possibilities to integrate new morphologies of graphitic carbon in nanotechnology 15 

applications. Thus, the low turn on field, high emission current density and better emission current stability enables CNC based future 
field emission applications. 
 

1. Introduction 

Field-electron emission is a form of quantum mechanical 20 

tunneling in which electrons pass through a barrier in the 

presence of an electric field1. This phenomenon is highly 

dependent on both the physical characteristics of the material and 

the shape/structure of the particular cathode, so that high-aspect 

ratios (height/tip radius) structures produce higher field-emission 25 

currents at lower applied electric fields2,3. It is necessary to grow 

vertically aligned nanostructure arrays on a large scale with 

suitable emitter current density with high-aspect ratio. However, 

current technologies are significantly limited by the difficulty of 

tailoring morphology and aspect ratio of individual nano-scaled 30 

units. Carbon-related nanomaterials such as carbon nanotubes 

(CNTs),4,5 carbon nanocups6,7 and graphene8,9 have gained 

importance for promising candidates as field electron emitters to 

be used in futuristic cold-cathode flat panel displays and various 

vacuum microelectronic devices. Recently, carbon nanocup 35 

(CNC) composed of carbon stacked layers  have attracted 

increasing attention due to the low aspect ratios, good thermal 

and electrical conductivity, and robust chemical and mechanical 

stability, serve as a special and functional nanosized material in 

heterogeneous catalysis, solar cells, etc10,11. The field 40 

enhancements observed in reduced graphene oxide -TiO2 hybrid 

structure nano-arrays in our recently published paper attributing 

to the contribution of low work function with nonrectifying 

barriers3. Field emission would need high density and well-

ordered carbon nanotubes arrays. Although, several oxide based 45 

nanostructures are well studied and reported in literature in last 

few years. 12-14 

Especially, CNC arrays exhibit several favorable 

characteristics as an electron source, such as small radius of 

curvature, outstanding chemical inertness, exceptional thermal 50 

stability, and high mechanical strength. CNC films incorporated 

with millions of truncated conical graphitic structures, different 

from conventional CNTs made up of multi-seamless cylinders of 

hexagonal carbon networks. 6,15 The cup-like nano-structure 

provides a hollow tubular morphology. It differs from other 55 

quasi- one dimensional (1D) carbon structures, which normally 

behave as quasi-metallic conductors of electrons. Some of 1D 

carbon structures exhibit semiconducting behaviors due to their 

chirality.16 Such structure provides a large portion of exposed and 

reactive edges with abundant dangling bonds both on the outer 60 

surface and in the inner channel. Additionally, the chemical 

activity of the inner channel is even higher due to highly strained 

curvature.17 Therefore, the utilization of these exposed edges of 

CNCs to chemical functionalization or surface modification 

opens up new avenues in absorbent materials, composites, field 65 

emitters and gas storage components. For the practical 

application to field emission sources, the growth of periodic array 

of CNCs on a large area with high packing density is necessary. 

CNC has low-aspect ratio (1:1.2) showing good emission 

performance with flat thin film nature which is highly required in 70 

FED based display panels; it has been shown in our experiment, 
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which has not been reported earlier. In recent years, anodic 

aluminum oxide (AAO) nano-templates based approaches have 

been widely introduced to fabricate well-aligned periodic arrays 

of nanostructure.  

Herein, we proposed and demonstrated a high performance 5 

field emission device with vertically aligned 3D and low aspect-

ratio CNCs structure. The highly organized CNC arrays were 

grown by chemical vapor deposition (CVD) using a short channel 

AAO template. Figure1 shows a schematic diagram of the 

fabrication approach for CNC films with their counterparts of 10 

scanning electron microscope (SEM) image and appearances of 

the as-grown sample. The simple field emission device utilizing 

CNC films was fabricated as shown in schematic drawing (Figure 

1). The field emission measurements showed that carbon nanocup 

arrays-based field emission device had outstanding performance 15 

although these have low-aspect ratio. It is suggested that the open 

edges on the CNCs act as active emission sites in vertically 

aligned 3D CNC structure giving enhanced emission 

characteristics. 

2. Experimental 20 

2.1 Synthesis of low-aspect ratio carbon nanocup films 

The direct deposition of dispersed CNTs onto a 3D substrate is 

simple and effective to construct porous architectures. AAO 

template with continuous 3D surface and good mechanical 

flexibility can serve as a supporting substrate. Nano-sized porous 25 

aluminum oxide templates (AAO) were fabricated using a 

standard electrochemical anodization technique. To create highly 

organized arrays of nanopores, two-step anodization process was 

conducted. In the first anodization process, a high purity 

aluminum (Al) foil was anodized at 35 V for 6 hours in 3% oxalic 30 

acid (C2H4O2) solution at room temperature. The anodized Al foil 

was placed in the solution containing a mixture of 3% phosphoric 

(H3PO4) and 3% chromic (H2CrO4) acids for 18 hours to remove 

the formed aluminum oxide layer. Then, a second anodization 

process was conducted for 30 seconds to fabricate highly ordered 35 

short nanochannels. The samples were soaked in a 3% phosphoric 

acid solution for 1 hour for widening of nanopores. With this 

sample, we performed chemical vapor deposition (CVD) process 

to synthesize low aspect ratio carbon nanocup structure inside 

AAO template. The fabricated AAO templates were placed in a 40 

quartz tube and evacuated using rotary pump. Then, high purity 

argon gas was introduced as a carrier gas during heating. When 

the temperature reached at 660 ˚C, acetylene (25 sccm)-argon 

(200 sccm) mixture gas was supplied as a carbon source for 45 

min for the deposition of a graphitic carbon layer inside 45 

predesigned short AAO nanochannels resulting in the connected 

arrays of carbon nanocup film structure. Carbon nanostructures 

inside of AAO were released by dissolving the AAO template in 

33% hydrofluoric acid solution for as deposited nanocups. Our 

approach for fabricating these carbon nanocup structures is 50 

shown schematically in Figure 1 with the schematic of the field 

emission measurement for CNC film. This Figure illustrates the 

fabrication process with their counterparts of SEM images and 

appearances of the as-grown sample. First, the CVD process 

synthesized the highly porous carbon nanocups structure on AAO 55 

template, then AAO template was dissolved using hydrofluoric 

acid solution and resulting the three-dimensional porous 

architectures of a connected arrays of carbon nanocup film was 

formed. 

Under the above-explained experimental conditions of 60 

synthesis using CVD method, the formation of carbon nanocups 

can be explained by the controlled growth of graphene films in 

the predesigned AAO nanochannel template. At the temperature 

of around 6600C, carbon atoms begin to be adsorbed on the 

substrate and the graphene islands begin to nucleate. This leads to 65 

the formation of flat epitaxial graphene sheet on the AAO 

template. Since the graphene growth consumes carbon atoms, 

thus the carbon source supply is done for a judiciously calculated 

period of time. As soon as, the carbon concentration is below 

super saturation, the nucleation and growth of graphene islands 70 

would be finished. 

2.2 Characterization 

X-ray diffraction (XRD) studies of the powder samples have been 
carried out using Rigaku, Miniflex, CuKα1; λ = 1.5405 Å). Prior 
to the XRD measurement, the diffractometer was calibrated using 75 

silicon powder as the reference material (d111 = 3.1353 Å). 
Raman studies were carried out using an argon ion laser with a 
wavelength of 514 nm as the excitation source (Model Innova 70, 
Coherent). The XPS analysis was carried out in an ultra-high 
vacuum (UHV) chamber equipped with a hemispherical electron 80 

energy analyzer (Perkin Elmer, PHI1257) using non-
monochromatized Al Kα source (excitation energy of 1486.7 eV) 
with a base pressure of     4 × 10−10 torr at room temperature.The 
surface topography was characterized from the scanning electron 
microscopy (SEM) image using a microscope of Carl ZEISS-85 

SUPRA 40 at 5 kV operating voltage. The microstructural studies 
were carried out using high-resolution transmission electron 
microscopy (HRTEM, Model No. Technai G20-twin, 300 kV 
with super twin lenses having a point and line resolution of 0.144 
nm and 0.232 nm, respectively). 90 

 
2.3 Field emission measurements 

The field emission current density (J) versus applied electric field 

(E) and emission current (I) versus time (t) characteristics were 

measured in a planar ‘diode’ configuration at base pressure 95 

of ~1×10−8 mbar. A typical ‘diode’ configuration consist of a 

phosphor coated semitransparent screen (a circular disc having 

diameter ~40 mm) as an anode. In order to investigate the FE, 

very small quantity of CNCs film were pased on stainless steel 

holder by using silver paste (radius~1 cm2), which was then 100 

mounted in the parallel plate diode assembly. The was held 

parallel with an anode screen in close proximity. The ultra high 

vacuum chamber is equipped with rotary backed turbo molecular 

pump, sputter ion pump and titanium sublimation pump. For 

achieving base pressure of ~1x10-8 mbar, the chamber is baked at 105 

2000C for 12 hrs. The FE measurements were carried out at fixed 
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cathode-anode separation of ~ 1 mm. The emission current was 

measured on Keithely Electrometer (6514) by sweeping dc 

voltage applied to cathode with a step of 40 V (0-40 kV, 

Spellman, U.S.). The field emission current stability is 

investigated using computer controlled data acquisition system 5 

with sampling interval of 10s. Field emission micrographs before 

field emission measurements cathode surface cleaning processes,  

 

 

 10 

 

 

 

 

 15 

 

 

 

 

 20 

Fig. 1: Schematic illustrating the fabrication process with their counterparts of SEM images and appearances of the as-grown sample; the 

scale bar is 100 nm. First, the chemical vapor deposition (CVD) process synthesized the highly porous carbon nanocups structure on 

AAO template, then AAO template was dissolved using hydrofluoric acid solution and resulting the highly ordered three-dimensional 

porous architectures of a connected arrays of carbon nanocup film was formed with thickness ~1mm. And schematic of the field 

emission measurement set-up for carbon nanocup (CNC) film; the scale bar is 100 nm. 25 

such as thermal cleaning or field evaporation were not employed. 

Special care was taken to avoid any leakage current using 

shielded cables and ensuring proper grounding. Before recording 

the FE measurements, pre-conditioning of the cathode was 

carried out by keeping it at ~ 1000 volts so as to remove loosely 30 

bound particles and/or contaminants by residual gas ion 

bombardment. 

3. Results and discussion 

The structural characterizations of as-synthesized highly ordered 

CNC arrays were conducted by using X-ray diffraction (XRD) 35 

and Raman spectroscopy. The XRD pattern of the CNCs is 

shown in Figure 2a, which indicates the existence of aluminium 

(Al) recorded from AAO template and graphitic carbon lattice. It 

exhibits one broad peak and two more sharp peaks centered at 

25.7°, 45.2° and 50° signifying the formation of hexagonal 40 

carbon lattice (JCPDS no. 75-1621) with estimated lattice 

constants a = 2.467 ± 0.008 Å and b = c = 6.793 ± 0.011 Å as 

compares to the standard lattice parameters a = 2.470 Å and b = c 

= 6.790 Å. A broad small diffraction peak appeared at 25.7° (as 

shown by blue colored dashed square) corresponding to the 45 

graphite plane (002) with an interlayer spacing (0.34 nm) of the 

nanotubes.18 The magnified view of this peak is also shown in 

Figure 2b. However, low intense peak at 45.2° has been identified 

as an Al cubic structure (JCPDS no. 03-0932), which indicates 

that the nanocups synthesized on the AAO template in the 50 

synthesis process. To elucidate the graphitic structure of CNCs, 

Raman spectroscopy was conducted with a 514 nm wavelength 

laser in a spectral range of 600-2200  cm-1. The Raman spectrum 

recorded from CNC film clearly exhibits two well-defined sharp 

peaks, indicating sp2 and sp3 bonds of the graphitic structure.  55 
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Fig. 2: (a) XRD pattern of carbon nanocup; * represents the carbon lattice plane and + signifies the aluminium lattice plane, (b) enlarge 

view of fig. a, which has been marked by blue colored dashed square in fig. a, (c) Raman spectrum (using 514 nm wavelength laser 

probe) of  carbon nanocup; their AD/AG ratio is 0.81, (d) XPS survey scan spectrum of carbon nanocup, (e) high resolution spectra of C 

1s region of XPS spectrum of carbon nanocup and (f) high resolution spectra of Al 2p region of XPS spectrum of carbon nanocup. 5 

 

  

The D band at 1350 cm-1 (the disorder-induced band), and G band 

at 1600 cm-1 (the tangential modes of graphitic structures) are 

typically presented in graphitic structures and their AD/AG ratio is 10 

0.81, indicating the high degree of disorder on the as-synthesized 

CNC structure due to catalyst-free CVD process. Also, the G 

band respresents the in-plane stretching vibrations of the sp2-

carbon-carbon bonds within the ordered graphitic layers of 

CNCs.16,19,20 The synthesized cup-like carbon nano-structures are 15 

comprised of multi-layered graphitic layers. X-ray photoelectron 

spectroscopy (XPS) clearly revealed the presence of carbon, 

oxygen, and aluminum elements of CNC films as shown in 

Figure 2d. To determine the chemical component and the 

oxidation state of carbon element, high-resolution XPS spectra of 20 

C1s are curve-fitted into three contribution peaks appearing at 

284.2, 286.0 and 288.0 eV (Figure 2e). The main peak at 284.2 

eV is assigned to sp2-hybridized graphite-like carbon atoms (C-C 

bond). The peaks at 286.0 and 288.0 eV are typical of carbon 

atom bound to one oxygen atom by double bond (C=O bond) and 25 

to two oxygen atoms (O-C=O bond), respectively.21It signifies 

that the oxygen-containing functional groups are sequentially 

introduced onto the surfaces of the tubes. The core level peak of 

the Al (2p) region for CNCs is also shown at  78.6 eV binding 

energy in Figure 2f. The presence of Al element is due to the 30 

AAO templates. 

The scanning electron microscope (SEM) and transmission 

electron microscope (TEM) micrographs of a highly organized 

CNC structures after removing the AAO template are shown in 

Figure 3. The SEM images of top view of CNC arrays (Figure 3a) 35 

and side view of CNC arrays (Figure 3b) clearly show their low-

aspect ratio structures with a cup diameter of ∼100 ± 2 nm and 

length of ∼120 ± 2 nm. The CNC arrays have a well-organized, 

interconnected structure and a highly porous surface morphology 

with very sharp edges (thickness~5-10 nm) on a diameter. This 40 

highly porous, low-aspect ratio nanocup structure provides a 

large specific surface area, which indicates that the walls of 

vertically aligned CNTs give exuberance of surface in nanocups. 

6,20  The additional surface area on the CNC nano-structure 

enhances the electrochemical properties and optical properties of 45 

devices by providing a large area for the electrolyte ions to 

interact with the electrode surface.  
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Fig. 3: SEM and TEM micrographs of a CNC film structure. SEM images show (a) top-view of CNC array on the AAO template; the 

scale bar is 100 nm,  (b) side-view of CNC film on the AAO template, the scale bar is 100 nm;  these images show clearly their low-

aspect ratio hollow structures having ~100 ± 2 nm diameter and ~120± 2 nm length, TEM image shows (c) connected arrays of CNC film 

after removing of the AAO template, the scale bar is 100 nm and (d) HRTEM image of CNC, the image shows the graphitic structure of 35 

CNC is defective and inset shows its magnified view; which has been taken from the blue square region. 

 

 

The top view morphology for another CNCs sample has also 

investigated (Figure S1; see Supporting Information). The TEM 40 

image of connected array of CNCs (Figure 3c) has a large hollow 

core along their length with ~100 nm inner diameter and ~120 nm 

length demonstrates the formation of wide scale CNCs. The high-

resolution TEM (HRTEM) image is shown in Figure 3d and inset 

shows its magnified view; which has been taken from the blue 45 

square region. It reveals the graphitic layers of CNCs 

corresponding to (002) plane with an interplanar spacing of 0.34 

nm. Since CNCs exhibit enormously active diameter with sharp 

edges.  

The template-assisted synthesis of the CNCs can be 50 

controllably grown by the chemical vapour deposition. The CNC 

films have numerous sharp edges and enormous proportion of 

nano-protrusions. Due to the unique morphology of the nanocups, 

field emission performance should be enhanced. The field 

emission measurement instrument is shown in Figure S2 (see 55 

supporting information). In the electron field emission 

experiments, the cathode was the supported CNTs film and the  

 

 

anode was a probe (0.63 mm in diameter) positioned at a 60 

distance d~1 mm above the surface. The cathode connection was 

via the CNC film. The samples were mounted on a ceramic 

holder in a high vacuum chamber. After the chamber reached a 

base pressure below 5 × 10−5 Pa and the field emission was 

initiated by cycling the voltage applied to the probe up to 1000 V 65 

for five times. After a pause of about 0.5 h at zero electric field, 

the field emission current was recorded as a function of voltage 

(V) applied to the probe. The Fowler-Nordehim (F-N) equation 

for field emitters deposited on flat substrates in the form of thin 

film, has been modified to yield an equation in terms of current 70 

density (J) and the applied electric field  (E = V/d, where V is the 

voltage applied between the flat cathode and the anode screen, 

and d is their separation). The modified  F-N equation is as 

follows,22-25 

J = λM a (β 2E2/Ф) exp (−b Ф 3/2νF / βE)               (1) 75 

where, λM is macroscopic pre-exponential correction factor, a 

= (1.54 x 10-6AeV V-2) and b = (6.83 VeV-3/2 nm-1) are constants, 

Ф is the work function, β is field enhancement factor andνF 

(correction factor) is a particular value of the principal Schottky-

Nordheim barrier function. The plot of the field emission current 80 
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density (J) versus applied electric field (E) for CNC films is 

shown in Figure 4a. As the field emission behaviour is directly 

dependent on the relative dimensions of the emitter, CNCs with 

very small thickness ~ 5-10 nm (sharp edges) and having the 

depth of ~100-150 nm are expected to be good field emitters. The 5 

turn-on and threshold field, defined as the field required drawing 

an emission current density of ~ 1 µA/cm2 and ~10 µA/cm2, is 

found to be 2.30 V/µm and ~2.50 V/µm, respectively for CNC 

arrays. As the applied voltage is increased further, the emission 

current is found to increase very rapidly and an emission current 10 

density of ~ 1802 µA/cm2 is drawn at an applied field of ~ 4.20 

V/µm, indicating field emission is as per as F-N theory.  

   

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

 

 

 

 45 

 

Fig. 4: (a) applied electrical field as a function of emission 

current density, (b) F-N plot showing nonlinear behavior 

indicating emission current from the CNC film emitter, (c) long 

term field emission current stability indicating fairly stable 50 

emission current and (d) field emission pattern taken during the 

long term stability study of the emitter, the scale bar is 1 cm. 

 

Furthermore, the field emission behaviour of CNC sample 

from 1st to 6th cycle runs are shown in the Figure S3a (see 55 

supporting information). All tested samples show better emission 

uniformity and a good reproducibility of field emission behaviour 

during the initial 6 cycle run. In addition to the cyclability test, 

the field emission characteristics of different as-synthesized CNC 

samples (sample 1, sample 2, sample 3 , sample 4  and sample 5 ) 60 

are also examined to explore reproducibility  and the results are 

shown in Figure S3b (see supporting information). It can be 

noticed that all the samples are showing almost similar and 

consistent behaviour.  

 65 
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In the case of CNC films, emission occurs from multiple 

emitters and an integrated current is measured. There could be 

lots of variations in local fields due to various geometries of the 

emitters. Also, the exact analysis of field emission characteristics  
of CNC arrays is difficult owing to work function of each emitter 5 

is not necessarily same. However, it may be noted that CNCs 
provide a hollow tubular morphology unlike that of conventional 
CNTs, which are made up of seamless cylinders of hexagonal 
carbon network. Compared to nanotubes, the nanocups have a 
greater amount of exposed inner surfaces and edges for 10 

modification sites. Thus, the observed superior values of turn-on 
and threshold field, and extraction of high emission current 
density at lower applied electric field is attributed to the synergic 
effect of:(a) an optimum length and density combination to 
overcome screening effect, (b) sharp closed tips and (c) open 15 

edges on the outer surface of CNTs which enhance the local 
field26-28. These open edges also act as additional emission sites29. 
Moreover, other favorable conditions for enhanced emission of 
such periodic structured conical CNTs could be: (a) hydrogen 
saturation of open edges on the surface which also decrease the 20 

effective work function, (b) nano-sized radius of curvature and 
(c) highly ordered distribution of the emitters over the whole area 
of specimen. The cup morphology increases the specific surface 
area of the sample which reduces the effective density and hence 
an extremely reduced electric field screening.30,31 Furthermore, 25 

the formation of sharp bends at the bottom caps where carbon 
atoms show sp3 like atomic bonds instead of sp2 configuration32. 
This change in coordination would decrease the height of 
potential barrier and hence could explain the very low work 
function as can estimated from the Fowler-Nordheim plots. As 30 

predicted, the H- or O- terminated edges greatly effects the net 
work function. Simulation studies predict the work function of 
6.3 eV for a clean edge graphene as compared to the work 
functions of 3.31 and 7.29 eV respectively for H- and O- 
terminated edge.33 Thus, the observed superior values of turn-on 35 

and threshold field, and extraction of high emission current 
density at lower applied electric field is attributed synergic effect 
of low aspect ratio, sharp diameter of the cups, uniform 
distribution of the emitters over the whole area of specimen and 
lower screening effect of the CNCs.30,31 However, the 40 

performance of CNCs is lower as compared to other carbon based 
materials, because CNCs nanostructure associated with large 
number of nano-cup structures in form of array, where each cup 
have non-uniform dimensions from top to bottom  like other 
carbon materials i.e. CNT. Therefore, the electric field at the base 45 

of individual CNCs structures increases the number of emitter 
points; as a result the overall electric field strength reduces at the 
base because of enhanced screening effect.30,31 
  

The F-N plot by a plotting the graph of ln (J/E2) versus 1/E 50 

for the CNCs is shown in Figure 4b with a calculated field 

enhancement factor of ~1645 from slope of the linear region of F-

N plot. The F-N plot for the CNCs field emitter is nearly linear 

and shows a tendency for saturation at high electric fields. The 

field enhancement factor can give idea of the enhancement of the 55 

electric field at the emitter sites due to sharp edges with their 

huge nanometric protrusions. In the present case, the field 

enhancement factor is calculated from the slope of the F-N plot 

and is found to be ~ 1645 by assuming work function (φ) of the 

emitter ~5 eV for CNCs.  Figure 4c shows the typical long-term 60 

current stability (I-t) from a CNCs field emitter recorded at a base 

pressure of ~1 x 10-8 mbar. To increased performance of CNCs in 

device applications point of view, cathode requires nearly 

constant emission current stability, so it is a decisive and 

important parameter in the fabrication of field emission based 65 

nanoelectronic devices. Fig. 4c show the field emission current 

stability traces for CNCs at ~8 µA preset value of current for a 

sampling interval of 10 seconds recorded over a period of 8 

hours. The average emission current is seen to be stable over the 

duration of the measurement characterized by fluctuations in the 70 

form of “spikes”. The appearance of the “spikes” in the emission 

current is attributed to the field induced adsorption, desorption, 

and migration of the residual gas molecules on the emitter 

surface.  The striking feature of the field emission behaviour of 

the CNCs emitter is that the average emission current remains 75 

constant over the entire duration and shows no signs of the 

detrimental effects, signalling its mechanical robustness against 

ion bombardment and field-induced stress. Figure 4d shows the 

typical field emission micrograph of the CNCs field emitter 

recorded at a current density of ~500 µA/cm2 consists of a large 80 

number of tiny bright spots indeed emission is from most of the 

protruding CNCs field emitter. The emission picture of CNC was 

taken from certain height from top window FED instrument. 

Therefore, exact distribution of emission intensity cannot be 

visible as uniform as it is. Thus, this new architecture of CNC 85 

encourages for further research to be done establishing CNC as a 

promising next-generation efficient material for FED devices.  

 

4.  Conclusions 

  90 

In summary, the three-dimensional (3D) porous architectures 

of CNC array have synthesized using combining anodization and 

CVD techniques for field emission application. The low turn-on 

field required to draw a current density of 1 µA/cm2 is found to be 

2.30 V/µm for CNCs. The field emission behavior is observed 95 

due to a high field enhancement factor associated with surface 

protrusions. Owing to the low turn on field and cup-like structure 

morphology, the CNCs emitter can be utilized for new generation 

vacuum microelectronics/nanoelectronics and flat panel display 

applications. 100 
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