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Abstract: Carbon nanotubes (CNTs) show significant advantages in the development of cold cathode
X-ray tubes due to their excellent field emission performance; however, there are still some problems,
such as short lifetime and the low emission current of large-area CNTs. In this paper, a front-grid
carbon nanotube array model was established, and the electric field intensity near the tip of the CNTs’
electric field enhancement factor was analytically calculated. A simulation model of a CNT three-
dimensional field emission electron gun was established by using computer simulation technology
(CST). The effects of grid wire diameter, grid aperture shape, and the distribution of grid projection on
the cathode surface on the cathode current, anode current, and electron transmission efficiency were
analyzed. The aperture ratio was used to evaluate the grid performance, and the simulation results
show that the ideal aperture ratio should be between 65% and 85%. A grid structure combining a
coarse grid and a fine grid was designed, which can make the electric field intensity around the grid
evenly distributed, and effectively increased the cathode emission current by 24.2% compared with
the structure without the fine grid. The effect of grid aperture ratio on the electron transmission
efficiency was tested. The simulation results and optimized structure can provide a reference for the
grid design of cold cathode emission X-ray tubes.

Keywords: carbon nanotube; field emission; cold cathode grid; CST simulation; electron transmission
efficiency

1. Introduction

X-ray tubes have been applied in medical diagnoses, safety inspections, industrial
non-destructive testing, and other fields [1–3]. The cold cathode emission X-ray tubes based
on the field emission principle have the advantages of without-filament heating, small size,
fast response, and high current density compared with the traditional thermal emission
X-ray tubes [4], and have become one of the research focuses in the development of X-ray
products in recent years [5–7].

Since the discovery of CNTs in 1991, as one-dimensional nanomaterials, CNTs have
been considered as one of the most promising cold cathode materials due to their nano-scale
and cutting-edge stable physical and chemical properties [8,9] and excellent mechanical
properties [10]. It is easy to obtain the X-ray source with a small electron focal spot and
programmable pulse imaging [11] because of the concentrated electron emission direction
of CNTs [12], meaning femtosecond pulse electron emission can be achieved [13]. The
emission current density of a single carbon nanotube can reach 108 A/cm2 [14]; however, it
is difficult to produce a uniform strong electric field on the surface with the increase in the
emission area, which leads to the rapid decrease in the emission current density. Lei et al. [15]
obtained a current density of 180 mA/cm2 on CNTs with an area of 0.5 mm2; however, the
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current density was only 2 mA/cm2 when the area increased to 1 mm2. Further research
is necessary to obtain a carbon nanotube cathode with a large emission current density.
Du et al. [16] studied the influence of grid transmission efficiency on cathode emission
and electron transmission efficiency, and concluded that the maximum anode current can
be obtained when the grid transmission efficiency is about 80%. Li [17] found that as the
thickness of the grid increases, the cathode current increases, and the electron transmission
efficiency decreases by studying the influence of the grid thickness on the field emission
performance. Xu et al. [18] simulated the emission efficiency of triangular, quadrilateral,
and hexagonal grids with a change of mesh size, and concluded that the best mesh shape
is hexagonal, with an electron transmission efficiency of 75%. The influence of different
mesh sizes of hexagonal grids on field emission performance was also analyzed [19]. Chang
et al. [20] studied the influence of grid aperture structure with different sizes and shapes on
field emission performance and concluded that the hexagonal grid has the highest electron
transmission efficiency, while the triangular grid has the largest emission current. At present,
the research on the influence of grid shape on electron transmission efficiency and emission
performance is obtained by controlling the changes in emission performance caused by
changes to the grid aperture’s side length, which has the limitation that the side length of
different aperture shapes is the same but the aperture area size is inconsistent.

In order to improve the emission current of large-area CNTs and solve the problems
resulting from the difficulties in generating a uniform electric field on the surface of CNTs,
in this paper, based on the establishment of the front-grid carbon nanotube array model,
we calculated the electric field intensity and field enhancement factor near the tip of the
CNTs. The CST 2020 Particle Studio simulation tool was used to simulate changes to the
diameter of the grid wire and the influence of the shape of the grid aperture on the cathode
current, anode current, and electron transmission efficiency under the same area of the grid
aperture. Finally, taking the quadrilateral grid as an example, the grid aperture ratio was
proposed as the evaluating indicator, and the grid structure was optimized. On the basis of
simulation, quadrilateral grids with different aperture ratios were experimentally verified.

2. Construction of Field Emission Model for Front Grid
2.1. Establishment of Structural Model

The grid is added between the anode and the cathode to reduce the field emission
working voltage, forming a three-dimensional-structure field emission model. The con-
trollable emission of the electron beam can be realized by adjusting the grid voltage [21];
however, it has different effects on the cathode electric field intensity distribution, emission
current, electron transmission efficiency, and anode current.

The three-dimensional emission model of cold cathode emission is shown in Figure 1a,
which mainly includes a base plate, cathode base, cathode, grid, and anode. The grid is
composed of a grid-fixed structure and grid, and the grid structure is precisely shown in
Figure 1b.

Base Plate

Cathode Base Grid Grid Fixed Structure

AnodeCathode(CNTs)

(a) (b)

Figure 1. (a) Three-dimensional-structure model of cold cathode emission. (b) Grid mesh structure.
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2.2. Establishment of Theoretical Model

The electron emission ability of CNTs is determined by the electric field intensity
on the tip surface. Firstly, the electric field intensity near the carbon nanotube tip with-
out considering the contact resistance was calculated. Since most of the charge of the
cathode is concentrated near the tip surface of the cathode during electron emission, a
metal-suspended sphere model with −Q charge on the cathode plane can be used for sim-
plification [22]. The front-grid carbon nanotube cathode model can be simplified as shown
in Figure 2. Between the parallel infinite anode plate and cathode plate, there are carbon
nanotube arrays and several infinite-charged cylinders with transverse and longitudinal
diameters of d. The tip of the carbon nanotube is equivalent to the radius r0 hemisphere, h
is the height of the CNTs, and the height from the top to the cathode substrate is h + r0. The
charged cylinder is directly above the carbon nanotube, and the distance from the cathode
is dg. The distance between the anode and cathode is da. The cathode voltage is 0, the
grid voltage is Vg, and the anode voltage is Va. The Coulomb effect of space charge is not
considered in the field emission process, and the geometric parameters of the device satisfy
the following relationship: da is much greater than h and dg, and h is much greater than r0.

d

da

dgh

Vg

Va Anode

Grid

Cathode Base

Figure 2. Simplified model of front-grid carbon nanotube cathode.

According to the principle of electric field superposition, the potential near the tip
surface of the CNTs is equal to the sum of the potential on the surface of CNTs when there
is only a parallel plate composed of an cathode and anode, in addition to the potential
generated on the surface of the CNTs by several infinitely long charged cylinders. According
to the report of Lei et al. [23], the electric potential near the surface of a single carbon tube
in the (2N + 1) ∗ (2N + 1) carbon nanotube array is:

Φ1(r, θ, Q) = −Q(1− r/(2h))
4πε0r

+ E0h + E0r cos θ − p cos θ

4πε0r2 −
QK

4πε0L
(1)

A spherical coordinate system is used, and the origin of coordinate is chosen at the
center of the floating sphere. Q is the surface charge of the suspended sphere, ε0 is the
vacuum dielectric constant, the electric field generated by the anode is E0 = Va/da, and
p is the electric dipole moment. L is the distance between two CNTs, and K is expressed
as follows:

K =
N

∑
m=0

N

∑
N=1

[ 4√
m2 + n2

− 4√
m2 + n2 + (2h/L)2

]
(2)

m and n represent integers in the horizontal and vertical directions, respectively. The electric
potential at the distance r′ of a uniformly distributed infinitely long charged cylinder with
a volume charge density of ρ and radius of R is:
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V = −ρR2

4ε0
+

ρR2

2ε0
ln

R
r′

(3)

The potential at the edge of the grid mesh (r′ = R) is constant to Vg:

ρ = −
4ε0Vg

R2 (4)

Substitute Equation (4) into Equation (3) to obtain:

V = Vg − 2Vg ln
R
r′

(5)

Near the tip of the CNT at the bottom of a single grid, the potential applied to it by
the grid is the sum of the potential applied to each grid wire. The potential generated by all
grid wires on the left side of a single grid is:

Φ2 =
M

∑
i=0

(
Vg − 2Vg ln

R√
(b + iW)2 + (dg − h)2

) (6)

W is the spacing between two grid wires, and M is the total number of grid wires on
the left side of the cell. Next, arrange and obtain:

Φ2 = MVg − 2MVg ln R + Vg

M

∑
i=0

ln [(b + iW)2 + (dg − h)2] (7)

Similarly, the potential generated by all grid wires on the right, front, and rear is:

Φ3 = TVg − 2TVg ln R + Vg

T

∑
j=1

ln [(jW − b)2 + (dg − h)2] (8)

Φ4 = OVg − 2OVg ln R + Vg

O

∑
k=0

ln [(a + kW)2 + (dg − h)2] (9)

Φ5 = PVg − 2PVg ln R + Vg

P

∑
l=1

ln [(lW − a)2 + (dg − h)2] (10)

T, O, and P refer to the total number of grid wires on the right, front, and back of the cell,
respectively, and a and b refer to the distance from the carbon nanotube to the inner back
and right of the grid wire junction of the cell. According to the principle of electric field
superposition, the sum of Equations (1) and (7)–(10) to obtain the electric potential near the
tip of the CNT with the right number is m, and the backward number is n in the carbon
nanotube array in the cell:

Φi,j(r, θ, Q) = −
Qi,j(1− r/(2h))

4πε0r
+ E0h + E0r cos θ − p cos θ

4πε0r2 −
Qi,jK

4πε0L
+ (M + T + O + P)(1− 2 ln R)Vg + YVg (11)

The expression of Y is:

Y =
M

∑
i=0

ln [(mL + iW)2 + (dg − h)2] +
T

∑
j=1

ln [(jW −mL)2 + (dg − h)2]+

O

∑
k=0

ln [(nL + kW)2 + (dg − h)2] +
P

∑
l=1

ln [(lW − nL)2 + (dg − h)2]

(12)



Nanomaterials 2023, 13, 50 5 of 14

Since the carbon nanotube is connected to the cathode, the potential of its tip surface
(r = r0) is 0. According to this boundary condition:

Qi,j = 4πε0r0[E0h + (M + T + O + P)(1− 2 ln R)Vg + VgY](1− r0/2h + Kr0/L)−1 (13)

p = 4πε0r3
0

Va

da
(14)

According to the potential gradient formula E = −∇Φ, the electric field intensity near
the tip surface of the carbon nanotube is:

E = Er = −
∂Φ
∂r

∣∣∣∣θ=0

r=r0

= −[(3 + ρ

X
) · E0 + Z ·Vg] (15)

ρ = h/r0 is the length–radius ratio of the CNTs. The values of coefficients X and Z are
determined by the geometric parameters of the grid. The expression is as follows:

X = 1− r0/(2h) + Kr0/L (16)

Z =
(M + T + O + P)(1− 2 ln R) + Y

Xr0
(17)

The electric field enhancement factor is defined as the ratio of the local electric field
intensity on the cathode surface to the applied electric field intensity, and the applied
electric field intensity is E0 = Va/da. Therefore, the electric field enhancement factor of
cathode surface is:

β =
∣∣ E
E0
| = 3 +

ρ

X
+ Z ·Vg/E0 (18)

When there is a contact resistance between the carbon nanotube and the cathode,
the surface potential of the tip of the carbon nanotube is not 0 due to the voltage drop
on the contact resistance. The contact barrier between the carbon nanotube and the cath-
ode approximately satisfies the Ohm’s law [24], so the surface potential at the tip of the
carbon nanotube is Vc = IRc. I is the field emission current, Rc is the contact resistance
between the carbon nanotube and the cathode. In this case, the boundary condition is
Φi,j(r0, θ, Q) = IRc. Similarly, the electric field intensity on the tip surface of the CNTs with
contact resistance can be calculated from the above steps. The electric field intensity on the
tip surface of the CNTs with contact resistance is:

Ea = −[
(
3 +

ρ

X
) · E0 + Z ·Vg −

IRc

r0X
] (19)

3. Simulation of Front-Grid Field Emission Model
3.1. Parameter Settings for Simulation

There is a difference between the smooth cathode surface of the simulation model in
CST Particle Studio and the emission performance of the actual CNTs. In order to effectively
solve this problem, it is necessary to establish a field emission model in CST Particle Studio.
The surface current density of the cathode of the CST Particle Studio field emission model
is given by the Fowler–Nordheim [25] expression:

J = AE2e−
B
E (20)

where J is the current emission density, E is the electric field intensity, A is the cold cathode
emission linear factor, B is the cold cathode emission index factor, A and B are related to the
surface shape and work function of the material, respectively, and the experimental data are
fitted by the data processing software to obtain A = 0.8× 10−11 A/V2, B = 6.9× 106 V/m.
The cathode surface current emission in the simulation might have some errors with the
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experimental results; therefore, the relevant parameters could be corrected to ensure the
accuracy of simulation results.

In the simulation model, the cathode is an elliptical cylindrical entity with a major axis
of 1.3 mm, a minor axis of 0.3 mm, and a height of 0.5 mm. The distance between the grid
mesh and the cathode emitter dg = 0.3 mm, the thickness of grid-fixed structure is 0.4 mm,
the distance between cathode and anode is da = 10 mm, and the experimental structure is
consistent with the simulation parameter settings . The cathode was set as the emission
source with a voltage of 0, and a voltage was applied to the grid to enhance the electric field
intensity between the cathode and the grid to make the electrons on the cathode surface
escape. The grid voltage Vg was preset at 2000 V. If the anode voltage is too high, electrons
on the cathode surface escape and the grid loses its modulation effect on cathode electron
emission. Therefore, the anode voltage Va was set to 7000 V.

3.2. Simulation Method

CST Particle Studio is an electromagnetic component for the design and analysis of
accelerating and guiding charged particle beams. Before restarting the simulation engine
after modeling, the full-automatic meshing program based on the expert system is used
for electromagnetic calculation. The simulator supports the perfect boundary approxima-
tion feature, which significantly improves the accuracy of the electromagnetic simulation
compared with the traditional simulator. The simulation steps were as follows:

(1) A three-dimensional field emission model was established, as shown in Figure 1, and
the material properties were defined. The cathode, grid, and anode were defined as
perfect conductor materials, and the background material was defined as a vacuum
in the simulation;

(2) We set the electrode voltage. The cathode voltage was set as 0, the grid voltage was
set as 2000 V, and the anode voltage was set as 7000 V;

(3) We set the cathode emission source. The particle source was a surface source and
located on the upper surface of the cathode, and the A and B parameters were set
according to the experiment;

(4) We divided the model grid. The overall structure was divided by automatic meshing,
and the cathode grid was manually encrypted. The absolute step size of the grid in
the x, y, and z directions was set to 0.01 mm;

(5) We set boundary conditions. It was necessary to set a certain range in each coordinate
axis to surround the whole model;

(6) We set up the solver. After setting up the model, we enabled the iteration option to
activate the Iterative Gun Solver algorithm, set up the particle tracking solver, and
begin simulating the model.

During the simulation, the structure parameters of cathode and anode were kept
unchanged, and the influence of the grid on the cathode current, anode current, and electron
transmission efficiency were studied by scanning the grid structure parameters or changing
the grid structure.

3.3. Simulation Result
3.3.1. Grid Wire Diameter

Taking the quadrilateral grid as an example, the grid wire spacing W parameter was
unchanged, and the grid wire diameter d (d = 2R) was adjusted to change the cathode
surface electric field intensity strength and grid transmission efficiency. The relationship of
wire diameter with cathode current, anode current, and electron transmission efficiency
is shown in Figure 3. By increasing the grid wire diameter, the grid aperture becomes
smaller per unit area, the area of the grid wire projected onto the cathode surface increases,
and the cathode electrons are more easily captured by the grid wire after emission. It can
be seen from Equations (15) and (17) that the increase in the grid wire diameter d leads
to the increase in the electric field intensity near the cathode surface, thereby increasing
the cathode emission current; however, the increase in the electrons captured by the grid
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wire leads to a decrease in the grid electron transmission efficiency and anode current. A
smaller wire diameter can improve the transmission efficiency and anode current. In order
to improve the electron transmission efficiency and anode current, the diameter of the grid
wire can be appropriately reduced, but it cannot be reduced without limits. When the
diameter of the grid wire is too small and the grid is hit by electrons during the emission,
the grid wire is susceptible to thermal damage for a long time, and the diameter of the grid
wire is also limited by the material and manufacturing technology.
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Figure 3. (a) The effect of grid wire diameter on cathode current and anode current. (b) The effect of
grid wire diameter on electron transmission efficiency.

3.3.2. Grid Aperture Shape and Size

The common grid aperture shapes are a triangle, quadrilateral, and hexagon, as shown
in Figure 4. Xu et al. [19] and Chang et al. [20] studied the influence of different grid
aperture shapes on the cathode current, anode current, and electron transmission efficiency
by changing the side length of the grid aperture, and came to the conclusion that the grid
aperture shape with the best emission performance is a hexagon. In this paper, for each grid
aperture shape, under the premise that the grid wire diameter d is 0.05 mm, the influence of
different grid aperture shapes on cathode current, anode current, and electron transmission
efficiency were studied by scanning the area of a single-grid aperture.

(a) (b) (c)

Figure 4. Common grid aperture shapes. (a) Triangle. (b) Quadrilateral. (c) Hexagon.

Changes to the single-grid aperture area result in changes to the cathode current, anode
current and electron transmission efficiency of each aperture shape, as shown in Figure 5.
The cathode current of the triangular grid is larger than the quadrilateral and hexagonal
grids; however, the electron transmission efficiency is lower than the quadrilateral and
hexagonal grids. When the grid aperture area is less than 0.15 mm2, the difference between
the cathode current and the anode current of the quadrilateral and hexagonal grids is not



Nanomaterials 2023, 13, 50 8 of 14

obvious. When the grid aperture area is greater than 0.15 mm2, the cathode current of the
quadrilateral grid is greater than the hexagonal cathode current, and the anode current
is greater than the hexagonal anode current when the grid area is greater than 0.18 mm2.
The electron transmission efficiency of different aperture-shaped grids increases with the
increase in the area of a single-grid aperture. When the area of the grid aperture is less than
0.16 mm2, the electron transmission efficiency of the quadrilateral and hexagonal grids
is not significantly different. When the grid aperture area is greater than 0.16 mm2, the
electron transmission efficiency of the quadrilateral grid is higher.
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Figure 5. Relationship of single-grid-mesh area with cathode current, anode current, and electron
transmission efficiency. (a) Effect of single-mesh area on cathode current. (b) Effect of single-mesh
area on anode current. (c) Effect of single-mesh area on electron transmission efficiency.

3.3.3. Distribution of Grid Projection on The Cathode Surface

Due to the limitations of manufacturing technology, the diameter of the metal grid
wire cannot be processed too small. The cathode surface is an oval with a long axis of
1.3 mm and a short axis of 0.3 mm; therefore, the cathode is smaller than the entire grid.
The projection position of the grid wire on the cathode surface has a great influence on the
cathode current, anode current, and electron transmission efficiency. Under the condition
that the remaining structural parameters remain unchanged, the projection distribution of
the quadrilateral grid wire on the cathode surface was studied. Considering two special
cases, the long axis of the cathode is aligned with that of the grid wire, as shown in Figure 6a,
and the long axis of the cathode is located in the center of the two sections of the grid wire,
as shown in Figure 6b.

The relationship of the area of the grid mesh projected at the center of the long axis of
the cathode with the cathode current, anode current, and electron transmission efficiency is
shown in Figure 6c,d. The cathode emission current in the two cases is not much different;
however, the anode current varies with the increase in the grid aperture area. When the grid
wire projection is located at the center of the cathode’s long axis, the electron transmission
efficiency is not as good as that of the grid wire away from the center of the long axis. With
the increase in the area of the single-grid aperture, the electron transmission efficiency of
the quadrilateral grid shows an increasing trend. Even if the area of a single-grid aperture
reaches 0.2 mm2, the electron transmission efficiency is still less than 70% when the grid
wire is projected onto the long axis of the cathode. When the projection of the grid wire is
located at the center of the long axis of the cathode, the electrons emitted from the cathode
surface are biased towards the outer grid wire, which increases the divergent angle of the
electrons. In the structure model with the focusing electrode, the electron beam is more
difficult to be focused when passing through the focusing electrode.
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Figure 6. Influence of grid projection distribution on cathode surface on cathode current, anode
current, and electron transmission efficiency. (a) Grid projection in the long axis of cathode. (b) Grid
projection away from cathode long axis. (c) The influence of different grid wire projection positions
on cathode current and anode current. (d) The influence of different grid wire projection positions on
electron transmission efficiency.

3.3.4. Grid Aperture Ratio

In this paper, the aperture ratio of the grid is defined as the area occupied by the grid
aperture per unit area. Taking the quadrilateral grid as an example, its structure is shown
in Figure 7a. The entire grid consists of several small units, such as a single-grid aperture
and two grid wires. The aperture ratio ω is defined as :

ω =
r2

r2 + 2rd + d2 (21)

r is the side length of a single quadrilateral grid aperture, and d is the diameter of the
grid wire. Similarly, the corresponding aperture ratio can be obtained according to the
relationship between the length of the aperture side of the triangular and hexagonal mesh
and the mesh wire. When the grid aperture is quadrilateral, the grid wire diameter d is
0.05 mm, and the relationship between aperture ratio and cathode current, anode current,
and electron transmission efficiency was studied. It can be seen from Figure 7b that
the cathode current decreases with the increase in aperture ratio, and the anode current
increases first and then decreases with the increase in aperture ratio. When the aperture
ratio is 78%, the anode current has a maximum value. Figure 7c shows that with the
increase in aperture ratio, the grid electron transmission efficiency has a maximum value of
79.84% when the aperture ratio is 80%, and the grid electron transmission efficiency keeps
increasing. From Figure 7b, it is concluded that when the grid wire diameter is constant,
the aperture ratio should be kept between 65% and 85%, so that a larger cathode current
and anode current, as well as a higher electron transmission efficiency can be obtained.
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Figure 7. Relationship of aperture ratio with cathode current, anode current, and electron transmis-
sion efficiency. (a) Quadrilateral grid structure. (b) Effect of aperture ratio on cathode current and
anode current. (c) Effect of aperture ratio on electron transmission efficiency.

When the aperture ratio is fixed, the side length of the grid aperture increases with
the increase in the grid wire diameter. When the aperture ratio is 80%, the relationship
between the grid wire diameter d and the cathode current, anode current, and electron
transmission efficiency was studied. It can be seen from Figure 8a that the cathode current
decreases with the increase in grid wire diameter, and the anode current first increases and
then decreases with the increase in grid wire diameter. It can be seen from Figure 8b that
with the increase in grid wire diameter, the grid electron transmission efficiency can be
maintained between 60 and 80%, and when the grid wire diameter is above 0.04 mm, the
electron transmission efficiency can be maintained above 70%.
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Figure 8. Influence of grid wire diameter d on current and electron transmission efficiency when
aperture ratio is 80%. (a) Effect of grid wire diameter d on current at aperture ratio of 80%. (b) Effect
of grid wire diameter d on electron transmission efficiency at aperture ratio of 80%.

3.3.5. Grid Structure Optimization

The grid wire diameter is constant, and the grid mesh area increases the electron
transmission efficiency so that the anode current increases. However, the electric field
intensity distribution on the cathode surface is uneven due to the grid mesh area being
too large; therefore, the cathode emission current and anode current are reduced. In order
to increase the cathode current and anode current, a coarse grid, which has a aperture
ratio of 76%, and a fine grid with diameters of 0.05 mm and 0.01 mm, respectively, are
selected, and the fine grid is fixed between the coarse grid and the cathode. The structure
is shown in Figure 9a. The coarse grid ensures high electron transmission efficiency and
provides mechanical support for the fine grid to prevent large-area deformation damage
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due to electron bombardment. The fine grid makes the electric field intensity distribution
between the cathode and the grid more uniform to increase the field emission cathode
current. The distribution of the electric field intensity and the equipotential lines around
the coarse grid is shown in Figure 9b, and the distribution of the electric field intensity
and the equipotential lines around the grid structure combined with the coarse and fine
grids is shown in Figure 9c. The comparison of the two figures shows that the electric field
distribution on the cathode surface of the structure combined with coarse and fine grids is
more uniform than that of using only coarse grids.

(b) (c)(a)

Figure 9. (a) Optimized structure of coarse- and fine-grid combination. (b) Electric field distribution
and equipotential lines around the coarse-grid structure. (c) Electric field distribution and equipotential
lines around the optimized structure.

The field emission three-dimensional structure was used to enhance the contrast effect.
The cathode is a cylinder with a diameter of 2 mm, and its height is kept unchanged at
0.5 mm. Through simulation comparison, the cathode current of the model using only
the coarse grid is 404.9 µA, the anode current is 287.9 µA, and the electron transmission
efficiency is 70%. The cathode current of the optimized structure model is 502.6 µA, the anode
current is 295.1 µA, and the grid electron transmission efficiency is 60%. The grid structure
combined with coarse and fine grids makes the electric field intensity distribution on the
cathode surface and the cathode edge uniform, thus increasing the cathode emission current.
Although the electron transmission efficiency decreases, the anode current increases.

4. Experiment Section

The effect of grid aperture ratio on the electron transmission efficiency was tested as
shown in Figure 7c. The three-dimensional structure of the grid experiment is shown in
Figure 1a. CNTs were fabricated by plasma-enhanced chemical vapor deposition (PECVD),
and the main processes were the lithography, coating and catalytic growth of CNTs. The
grown CNTs were transferred to the substrate of stainless steel through silver glue and
placed in an oven at 500 ◦C for 1.5 h to remove organic impurities in CNTs. SEM images of
CNTs films used in the experiment are shown in Figure 10.

Figure 10. SEM images of CNTs films used in the experiment.
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In the experiment, the control variable method was used to study the influence of grid
aperture ratio on the electron transmission efficiency by keeping the grid width approxi-
mately consistent and the grid spacing different under the same grid material. Due to the
limitations of manufacturing error, the width of the grid wire can not be guaranteed to be the
same. The manufacturing of the actual wire widths were 50 µm, 47.6 µm, and 54 µm, wire
distances were 208 µm, 120 µm, and 89 µm molybdenum mesh for comparative experiments,
and the aperture ratios were 66.22%, 49.82%, and 38.74%. The grids are shown in Figure 11.
In the experiment, the cathode voltage was 0 and the anode voltage was 7000 V. The electron
transmission efficiency can be calculated by the ratio of anode current to cathode current.
When the grid voltage is 3000 V, the corresponding aperture ratio grid current is 394 µA,
490 µA, 681 µA, and the corresponding anode current is 1289 µA, 925 µA, and 854 µA. The
electron transmission efficiency measured in the experiment varies with the grid voltage, as
shown in Figure 11d. The average electron transmission efficiency of the molybdenum mesh
with a aperture ratio of 66.22% is 73.04%, the average electronic transmission efficiency of
the molybdenum mesh with a aperture ratio of 49.8% is 63.48%, and the average electronic
transmission efficiency of the molybdenum mesh with a aperture ratio of 38.74% is 55.12%.
It can be seen from the figure that the electron transmission efficiency decreases with the
decrease in the aperture ratio of the grid. To obtain a higher electron transmission efficiency,
a grid with a larger aperture ratio should be selected.

(b) (c)(a)
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Figure 11. Physical diagram of grid and experimental data diagram of electron transmission efficiency.
(a) Molybdenum mesh with aperture ratio of 66.22%. (b) Molybdenum mesh with aperture ratio of
49.82%. (c) Molybdenum mesh with aperture ratio of 38.74%. (d) Influence of grid voltage on electron
transmission efficiency.

5. Results and Discussion

From the simulation results in Figure 3, we observed that anode current and electron
transmission efficiency increases as the wire diameter decreases. In order to obtain a larger
anode current, the diameter of the grid wire diameter needs to be minimized.

Comparing the emission performances of different mesh grids with the same mesh
area, the electron transmission efficiency of the quadrilateral and hexagonal mesh grids is
not significantly different when the mesh area is less than 0.16 mm2, and anode current and
electron transmission efficiency are the highest when the mesh area is higher than 0.16 mm2.
It is concluded that the triangular mesh has the best emission performance and the worst
electron transmission efficiency, while the best comprehensive performance is obtained
in the quadrilateral grid mesh. The limitations of reference [20] is that the side lengths of
different aperture shapes were the same; however, the aperture area sizes were inconsistent,
meaning they were eliminated by the simulation results for the aperture shape.

The aperture ratio is used to evaluate the performance of the grid and optimize it,
and a grid with an electron transmission efficiency higher than 80% is obtained when
the aperture ratio is 80% and the grid wire diameter is 0.05 µm. The results of electron
transmission efficiency that we obtained were better than 56% in reference [26] and 53% in
reference [27]. When the aperture ratio is 80%, the electron transmission efficiency can be
maintained between 60% and 80%, even if the grid wire diameter is between 0.01 mm and
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0.1 mm. When designing the grid, researchers can select a higher aperture ratio, select the
appropriate grid wire diameter according to the processing technology, and calculate the
distance between two grid wires for grid processing.

Finally, in order to obtain a smaller grid current and larger anode current, a larger
aperture ratio was chosen when designing the combined grid. The structure of the com-
bined coarse and fine grid was designed and simulated to avoid damage due to the heat
generated by the electron bombardment of the fine grid [28]. The structure of the combined
coarse and fine grid was designed and simulated; however, the combined grid was not
processed for the experiment due to limitations in processing technology and time.

6. Conclusions

In this paper, a front-grid carbon nanotube array model was established, and electric
field intensity near the tip of the CNTs electric field enhancement factor was analytically
calculated. Based on the model, the influence of grid wire diameter, aperture shape,
distribution of the projection of grid wire on the emission surface and aperture ratio of grid
on cathode current, anode current, and electron transmission efficiency was analyzed by
simulation. The larger the projection of the grid wire on the cathode surface, the better
the emission performance, but the lower the electron transmission efficiency. The aperture
ratio is maintained between 65% and 85%, which can obtain a larger cathode current and a
higher electron transmission efficiency. A structure combining a coarse grid and fine grid
was proposed to improve the cathode current and anode current. Finally, the experiment of
the aperture ratio of the grid on the electron transmission efficiency was carried out. It is
concluded that in order to obtain a higher electron transmission efficiency, a grid with a
larger aperture ratio should be selected. The above simulation and experiment can provide
reference for field emission grid design.
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