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ABSTRACT

In order to evaluate the electric field associated to field emission, 

a computational model was elaborated to investigate hemi-

ellipsoidal structures. The emitters were simulated as 3D single 

structures, aiming to establish a relevant methodology for a more 

complex study.

Keywords: Nanotechnology, Field emission, Numerical simulation, 

Hemi-ellipsoidal emitter.

RESUMO
Com o objetivo de avaliar o campo elétrico associado à 

emissão por campo de estruturas hemi-elipsoidais, um modelo 

computacional foi elaborado para investigação. Os emissores 

foram simulados em 3D como estruturas isoladas visando 

estabelecer uma metodologia a ser replicada em estudos mais 

complexos.

Palavras-chave: Nanotecnologia, Emissão por campo, Simulação 

numérica, Emissor hemi-elipsoidal.
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INTRODUCTION
In the 1950’s, vacuum electronic devices were overcome by 

solid-state microelectronic components. However, research carried 
out in recent decades revealed that vacuum electronic devices 
are again competing with solid-state semiconductor devices, 
but this time using the field emission phenomena1. The advantages 
include: low-cost manufacturing; the ability to operate with high 
current density at room temperature; endurance to variations 
in temperature and incident radiation2. There are various 
applications for electron field emitters, namely field emission 
displays, microwave amplifiers3 and pressure/displacement 
sensors4.

THEORY
The theory related to field emission was firstly studied in 

1928 by Fowler and Nordheim5,6. The emitted current density 
JFN (A/cm2) is related to the electric field on the surface E (V/cm) 
and to the work function, ϕ (eV), according to Eq. 1, which is also 
known as the Fowler-Nordheim Relationship (F-N).

METHODOLOGY
The numerical simulations were performed using the 

Ansys-Maxwell software10, which applies the finite elements 
method to solve and determine electric field distribution. During 
the simulations, the electrodes were configured as perfect electrical 
conductors (PEC) and considered immersed into perfect vacuum.

Some structures were introduced nearby the emitters to 
improve the mesh refinement in the critical regions of the model. 
Although these structures were configured as vacuum and did not 
influence the electric field, they induced the software to increment 
the mesh density inside the critical regions.

The emitted current I cannot be directly calculated (as shown 
in Eq. 2) because the emitter is set to zero potential just as the 
cathode is, which makes it impossible to integrate JFN over 
the real surface of the emitter. Therefore, the current calculation is 
made by integrating JFN over a virtual cathode, which consists of a 
hemi-ellipsoidal surface with negligible thickness, equidistant, 
and near the emitter real surface. It is important to remind the 
reader that this new virtual structure just works as a virtual 
measuring probe.

SIMULATION RESULTS
Firstly, single emitters complying with the following 

characteristics were investigated: L = 1 µm; ϕ = 5 eV; anode 
voltage Vanode between 0 and 1.2 kV. The base radius ρ was 
kept constant at 100nm in all simulations; higher values were 
considered not very effective, since they presented very low 
aspect ratios (L/ρ) and, consequently, low values of γ. Small 
values of the base radius ρ were avoided because they resulted 
in emitters with such high aspect ratios that the analysis could be 
simplified – the emitters could be studied as if they were CNTs 
of great height11. The structures of the simulated computational 
model are depicted in Fig. 1. The 3D hemi-ellipsoidal emitter 
is designed from a revolution of an ellipsoidal arc over its own 
major semi-axis.

The complete 3D model is presented in Fig. 2. Additionally, the 
perspective view of the emitter apex can be seen in Fig. 3.

where A = 1.54 × 10–6 AeV/V2; B = 6.87 × 107 (VeV)–3/2/cm; 
y = 3.79 × 10–4 E1/2/ϕ; t2(y) = 1.1; v(y) = 0.95 – y2.

Regarding materials with work function (ϕ) equal to 4.5 eV, the 
electron emission can be initiated from an electric field intensity 
E of approximately 107 V/cm7. The emitted current, I (A), can be 
calculated by integrating the current density, JFN, over the surface 
of the emitter S, just as shown in Eq. 2.

Due to the elongated geometric shape of the emitter, the 
electric field E at its apex is significantly higher than the applied 
macroscopic field FM. Thereby, the ratio between E and FM is 
known as the field enhancement factor7: γ = E/FM.

Various studies have demonstrated that some geometric shapes 
present higher γ than others, producing higher current densities 
with lower anode voltage Vanode, which is a characteristic of a good 
emitter8. The importance of studying hemi-ellipsoidal emitters 
lies on the fact that such structures gather various advantages: 
high γ; mechanical robustness; low cost manufacturing. 
Equation 3 describes the field enhancement factor γ at the apex of a 
hemi-ellipsoidal emitter with height L and base radius ρ9.

where ζ = (α2 – 1)1/2; α = L/ρ. Figure 1: Details of the simulated model.
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Still in Fig. 3, the virtual cathode surface is highlighted near 
the emitter surface. Additionally, the space surrounding both the 
emitter apex and the virtual cathode is used to confine the mesh 
operations added manually. This space was set to 5 nm thickness 
for all simulations. Table 1 describes the dimensions and some 
simulation parameters.

Table 1: Dimensions and some simulation parameters.

Parameter Dimension

Anode and cathode radius 10 µm

Anode and cathode thickness 1 µm

L 1 µm

ρ 100 nm

d 10 µm

Virtual probe distance from emitter surface 1 nm

As expected, the closer the virtual probe was from the emitter, 
the higher were the calculated electric field and enhancement 
factor. The simulations were performed with the virtual probe 
positioned at a distance of 1nm from the surface, unlike previous 
work12, where the distance used (0.1 nm; interatomic scale) is not 
suitable for real structures.

The mesh generated in the vacuum region nearby the emitter 
apex is shown in Fig. 4a, while the mesh generated over the 

emitter surface is depicted in Fig. 4b. In both figures, it can be 
noted how the mesh density increases towards the apex – it occurs 
because this is the region where higher electric field gradients can 
be found, thereby, this region demands better accuracy than the 
rest of the model. Figure 5a represents the electric field intensity 

Figure 2: The complete 3D model.

Figure 3: Emitter apex in perspective view.
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Figure 4: Mesh (A) nearby the emitter and (B) over its surface.

Figure 5: Electric Field intensity (A) nearby the emitter; (B) over the 
virtual cathode surface.
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in the vacuum region surrounding the hemi-ellipsoidal emitter. 
Additionally, in Fig. 5b, E is represented over the virtual cathode 
surface.

Using the virtual cathode, the software was able to calculate I 
as a function of Vanode. The result is represented in Fig. 6, where a 
1nA current is noted when Vanode = 995 V. The 1nA current is used 
for comparisons in the literature, and often referred to as turn-on 
current.

Figure 7 correlates E at the emitter apex with the anode voltage 
Vanode. It can be noted that when Vanode is 1000 V, the calculated 
value of E is 4.12 × 109 V/m.

In Fig. 8 the electric field behavior is presented as a function of 
the hemi-ellipsoid surface emission angle, θ, when Vanode = 1000 V. 

Specifically at the apex (θ = 0°), the electric field magnitude is 
found to be 4.12 × 109 V/m, which is in accordance with the result 
highlighted by the marker m1 in Fig. 7.

Considering the value of E at the apex as 4.12 × 109 V/m, 
through Eq. 1, it is possible to estimate JFN at the hemi-ellipsoidal 
apex as 7.98 × 106 A/m2. Since the F-N equation applies to parallel 
plates, some authors13 use Eq. 4, which is an adaptation of Eq. 1, 
to estimate J from protruding emitters positioned over a plane 
cathode. Equation 4 leads to J = 1.37 × 107 A/m2.

Figure 7: Electric Field (E) versus anode voltage (Vanode).

Figure 6: Emitted current (I) versus anode voltage (Vanode).
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Figure 8: Electric field (E) versus emission angle (θ).

The result presented in Fig. 9 is fundamental to understand 
the current density distribution over the emitting surface. The 
figure shows J – calculated using Eq. 4 – as a function of θ, for 
Vanode = 1000 V. The value of J obtained at the apex (θ = 0°) through 
the simulation is 1.42 × 107 A/m2, which is similar to those found 
by Eqs. 1 and 4. The result of Eq. 4 is the closest to the simulation 
results, as expected, because the F-N formula was originally 
proposed for plain surfaces.

(4)

(5)

It is also possible to estimate the emission area A according to 
Eq. 5, where I is the turn-on current of 1 nA. The simulation result 
shows how the emitted current is highly concentrated in a small 
angle range nearby the emitter apex.

Figure 9: Current density (J) versus emission angle (θ).
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CONCLUSIONS AND DISCUSSION
A variety of simulation parameters were tested, always 

looking for a balance between numerical accuracy and available 
computational resources (like processing time and RAM 
memory). These tests yielded a satisfactory optimization level14. 
Results of electric field, emitted current and current density were 
plotted as a function of Vanode and θ for a single 3D hemi-ellipsoidal 
emitter.
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The investigations reported hereby have shown that electron 
emission starts to occur with the expected electric field magnitude. 
The values of current density calculated by the software through 
the use of the virtual cathode are in accordance with the results 
reported in the literature, thereby validating the methodology 
employed.

This study has shown how the emission phenomenon is highly 
concentrated in a small emission angle range over the surface. 
This fact helps to explain the apex destruction reported by some 
experimental works, because it may lead to overheating under 
certain operating conditions.

According to this investigation, the 3D modeling of the 
hemi-ellipsoidal emitter provided results equivalent to the ones 
obtained previously from 2D simulations of the same emitting 
geometry, just as expected15. In both models, E decreases to 
approximately 50% of its maximum value when the angle θ = 10° 
(Fig.8) and J is reduced to approximately 50% of its maximum 
value at the apex when θ = 2° (Fig.9). This decrease in J is so 
pronounced that the emission of current can be considered 
negligible from the angle of 6°.

Table 2 compares others parameters obtained for 2D15 e 3D 
models.

Table 2: Results for 2D15 and 3D models.

Parameter 2D15 3D Difference

Vanode @I = 1 nA 
(turn-on current)

1000 V 995 V 0.5%

E @V = 1000V 4.11 × 109 V/m 4.12 × 109 V/m 0.2%

This work demonstrated that it is possible to use only 
two-dimensional models, since the differences in the results 
(Vanode and E) obtained from 2D and 3D modeling were very 
small (< 0.5%). In other words, it was demonstrated that we can 
substitute three-dimensional models of devices similar to those 
simulated in this work by 2D structures without significant 
differences in the final results.
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