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a b s t r a c t

A gated nanowire model was proposed to estimate the field-emission performance of a conductive

nanowire in gated structure. The actual electric fields around the nanowire top and the field-

enhancement factor were calculated analytically based on an electrostatic theory. The influence of the

device parameters such as the gate and anode voltages, the gate-hole radius, and the radius and length

of the nanowire on the field-enhancement factor, the current and apex current density were discussed

in detail. The results show that the field enhancement increases rapidly with the decrease of the gate-

hole and nanowire radius, but the former almost increases linearly with the nanowire length. In

addition, it was found that the current and current density at the edge of the nanowire increases

exponentially with the gate and anode voltages.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The nanowires such as carbon nanotubes, ZnO nanowires,
and AuPd nanopillars have been considered as one kind of the best
electron-emitting materials for vacuum microelectronic devices
due to their remarkable field-emission properties [1–5]. Their
excellent structure, unique mechanical, and electrical properties
lead to the enhancement of the electric field on the top of
the nanowires. The emission electrons can penetrate through the
potential barrier into the vacuum through the tunneling effect
[6,7], and a high current density appears at low electric field.
Arrays of vertically aligned nanowires have been grown within
patterned areas [8–10]. These field-emission cold cathodes are
suitable for optoelectronic applications such as flat-panel dis-
plays, field-emission electron sources, microwave power ampli-
fiers, etc [11–13].

Recently, the preparation of gated structures and triodes using
nanopillars or CNT’s act as emitters for devices were reported
[14–19]. A number of field emitters with a closed hemispherical
or hemielliptic top have been modeled [20–23] to obtain the
potential distribution. Studies have shown that many parameters,
including the aspect ratio of emitters, the intertube distance, the
gate-hole radius, the gate–anode distance and the gate voltage,
etc. can influence the field-emission properties of the nanowires
[24–31]. Although the computer simulation and numerical
ll rights reserved.
calculation methods (for solving Laplace’s equation) were suc-
cessful in calculating the field distribution in various cases, there
is a need for model systems, which can be solved analytically,
from which the variation of the enhancement factor and emission
current for various parameters can be easily determined.

In our previous work [32], the field-enhancement factor of the
gated open nanotube was studied in the case of the nanotube
height being equal to the gate–cathode distance. To broadly
understand the field-emission properties of the gated nanowires,
a model of gated single-conductive nanowire with a flat circular
top that protrudes through the gate circular hole was proposed in
this paper. The actual fields around the top of the gated nanowire,
field-enhancement factor, and emission current from the nano-
wire were calculated by an electrostatic theory. These obtained
fields and potential distribution are in agreement with the results
of computer and numerical simulation [29–31]. The effect of
the parameters of the device on the field-enhancement factor, the
emission current, and apex current density were investigated.
2. Model

The two infinite parallel flat planes at horizontal direction with
the spacing of d1 were taken as the gate and cathode electrodes,
respectively. The gate plane had only one circular gate hole with
the radius R (in micrometers scale). The conductive nanowire with
a radius r0 and a height L (a few micrometers) was operated as the
electron emitter of device and the nanowire top surface was

www.sciencedirect.com/science/journal/physe
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Fig. 1. Geometric model of the gated nanowire.
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Fig. 2. Calculation model of the gated nanowire.
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considered as a flat plane. The conductive nanowire was vertically
stood on the cathode plane and protrudes through the center of
the circular gate hole as shown in Fig. 1.

To compute the actual fields near the nanowire, we assumed
that the cathode potential was zero and the potential on all the
surface of the nanowire was kept equal to the cathode potential.
An additional anode electrode was introduced over the gate
electrode with a space of d2 to the gate plane and parallel with the
gate electrode as shown in Fig. 2. To simplify the situation, the
anode and gate potentials were considered as Va and Vg, and
the space-charge effects, the thickness of the gate electrode, and
the Coulomb interactions between the edge of the infinite
electrodes and the nanowire were neglected in this study.
3. Field calculation around the gated nanowire

3.1. Theory

The cylindrical coordinate systems have been used in this
calculation and the intersection point of the cathode electrode and
the tube axis are taken as the origin as shown in Fig. 2. Since the
space-charge effects can be ignored, the potential distribution
near the nanowire in the gated structure satisfies Laplace’s
equation,

r2Fðz; r;jÞ ¼ 0. (1)

The boundary conditions are as follows: F|z ¼ 0 ¼ 0,
ð@F=@rÞjz¼ðd1þd2Þ

¼ 0, Fjz¼ðd1þd2Þ
¼ Va, FjrXR

z¼d1
¼ Vg , and Fjr¼r0

¼ 0
in the region of 0pzpL.
The solutions of Eq. (1) obtained through the separation
of variables when k ¼ 0 and k40, respectively, which can be
expressed as

Fðz; rÞ ¼ ðazþ bÞ � ðA ln r þ BÞ ðk ¼ 0Þ, (2)

Fðz; rÞ ¼ ½a0 exp ðkzÞ þ b0 exp ð�kzÞ�

� ½A0J0ðkrÞ þ B0N0ðkrÞ� ðk40Þ, (3)

where k, a, b, A, B, a0, b0, A0 , and B0 are constants, J0(kr) and N0(kr)
are Bessel and Neumann functions of order zero, respectively.

3.2. Electric field around the nanowire side

For Eqs. (2) and (3) above, the function F(z, r) must be a finite
value because the potential is finite in our model, however,
the term In(r) in Eq. (2) has been limited as limr!1 lnðrÞ ! 1 or
limr!0 lnðrÞ ! �1 if r tends to be infinite or zero, and the
potentials are zero on the surfaces of nanowire and cathode.
Hence, the solution in Eq. (2) cannot exist, the electric potential
near the nanowire is only determined by Eq. (3) in the region
of 0pzpL. Considering the boundary conditions F|z ¼ 0 ¼ 0 and
Fjr¼r0

¼ 0, the electric potential distribution near the nanowire
can be expressed by

Fðz; rÞ ¼
X1
i¼1

A00 i � J0ðkirÞ �
J0ðkir0Þ

N0ðkir0Þ
N0ðkirÞ

� �
� shðkizÞ, (4)

where A00i (i ¼ 1, 2, 3,y) are constants. On the other hand, the
electric potential must be a solution of Laplace’s Eq. (1), so Eq. (4)
can be rewritten as

Fðz; rÞ ¼ C1ðzÞ �C2ðrÞ, (5)

where C1(z) and C2(r) are functions of z and r, respectively. From
Eq. (3), we can see that the function C2(r) can be expressed as a
linear superposition of both Bessel J0(k0r) and Neumann N0(k0r)
functions in the region of k040, i.e., C2(r) ¼ CJ0(k0r)+DN0(k0r)
where k0, C, and D are constants. Based on the boundary condition
Fjr¼r0

¼ 0 the function above can be written as C2(r) ¼ C0 �

[J0(k0r)�J0(k0r0)N0(k0r)/N0(k0r0)]. Thus, the function F(L, r) can be
expressed by

FðL; rÞ ¼ Um � ½J0ðk
0rÞ � J0ðk

0r0ÞN0ðk
0rÞ=N0ðk

0r0Þ�, (6)

where C0 and Um are coefficients. If the constant k0 assumed as
k0 ¼ k1, the following equations A001 ¼ Um/sh(k1L), A00i ¼ 0 (i ¼ 2, 3,
4,y) are obtained from Eqs. (4) and (6) at z ¼ L, and the electric
potential near the nanowire can be expressed by

Fðz; rÞ ¼ Um �
shðk1zÞ

shðk1LÞ
� J0ðk1rÞ �

J0ðk1r0ÞN0ðk1rÞ

N0ðk1r0Þ

� �
. (7)

We select that the coefficient Um is Vg+(Va�Vg)(L�d1)/d2, thus
the expression (7) can be rewritten as

Fðz; rÞ ¼ Vg þ
ðVa � VgÞ

d2
ðL� d1Þ

� �
�

shðk1zÞ

shðk1LÞ

� J0ðk1rÞ �
J0ðk1r0ÞN0ðk1rÞ

N0ðk1r0Þ

� �
. (8)

Considering the boundary condition Fjr¼R
z¼d1
¼ Vg , we can obtain

the following equation:

Vg ¼ Vg þ
ðVa � VgÞ

d2
ðL� d1Þ

� �
�

shðk1d1Þ

shðk1LÞ

� J0ðk1RÞ �
J0ðk1r0ÞN0ðk1RÞ

N0ðk1r0Þ

� �
. (9)

The k1 can be determined by Eq. (9).
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Fig. 3. Equipotential lines near the gated nanowire top.
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Hence, the corresponding electric field intensities Er and Ez in
the radial and the axial directions are obtained

Ez ¼ � k1 Vg þ
ðVa � VgÞ

d2
ðL� d1Þ

� �
�

shðk1zÞ

shðk1LÞ

� J0ðk1rÞ �
J0ðk1r0ÞN0ðk1rÞ

N0ðk1r0Þ

� �
, (10)

Er ¼ k1 Vg þ
ðVa � VgÞ

d2
ðL� d1Þ

� �
�

shðk1zÞ

shðk1LÞ

� J1ðk1rÞ �
J0ðk1r0ÞN1ðk1rÞ

N0ðk1r0Þ

� �
. (11)

3.3. Electric fields over the nanowire top

Similarly, from the boundary conditions ð@F=@rÞjz¼ðd1þd2Þ
¼ 0

and Fjz¼ðd1þd2Þ
¼ Va the potential over the nanowire top can be

expressed as

Fðz; rÞ ¼ Vg þ ðVa � VgÞ
ðz� d1Þ

d2

þ
X

i

B0ki
expð�kizÞf1� exp½�2kiðd1 þ d2 � zÞ�g � J0ðkirÞ,

(12)

where B0ki
is constant.

We can assume that the third term in Eq. (12) as U(z)� J0(k1r),
and then considering the boundary condition (where the
potentials are zero on the top surface of nanowire) the potential
over the nanowire top can be approximately obtained in the
region of rpr0,

Fðz; rÞ ¼ Vg þ ðVa � VgÞ
ðz� d1Þ

d2

�
½VaðL� d1Þ þ Vgðd1 þ d2 � LÞ�f1� exp½�2k1ðd1 þ d2 � zÞ�g

d2 exp½k1ðz� LÞ�f1� exp½�2k1ðd1 þ d2 � LÞg
.

(13)

Thus, the corresponding electric-field intensities are

Er ¼ 0, (14)

Ez ¼ �
ðVa � VgÞ

d2

� k1
½VaðL� d1Þ þ Vgðd1 þ d2 � LÞ�f1þ exp½�2k1ðd1 þ d2 � zÞ�g

d2 exp½k1ðz� LÞ�f1� exp½�2k1ðd1 þ d2 � LÞg
.

(15)

4. Field enhancement factor and emission current

The field-enhancement factor b is defined as b ¼ Ea/Em, [32]
where Ea is the actual electric field of the apex of nanowire and Em

is the macroscopic applied electric field. Further the macroscopic
electric field between the anode and cathode in the diode
structure can be expressed as Em ¼ Va/(d1+d2) that is considered
as the macroscopic electric field in this study. Because of the cross
section of the nanowire end is a flat plane, the actual field on the

nanowire edge can be expressed by Ea ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

z þ E2
r

q
. Thus, the field-

enhancement factor obtained

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

1 þ b2
2

q
, (16)

where b1E1+k1(L�d1)+[k1(d1+d2�L)�1]Vg/Va, b2E[(L�d1)+(d1+
d2�L)Vg/Va]R(k1r0), and R(k1r0) ¼ k1[J1(k1r0)�J0(k1r0)N1(k1r0)/
N0(k1r0)], respectively.
Fowler–Nordheim equation was used to calculate the current
densities of nanowire surfaces, i.e.,

J ¼ 1:54� 10�6
�

E2

ft2ðyÞ
exp �8:3� 107

�
f3=2uðyÞ

E

 !
, (17)

where f is the work function of the efficient emission area of the
nanowire surfaces, E the actual electric field on the nanowire
surface, and t(y) ¼ 1.1, y ¼ 3.79�10�4E1/2/f, and u(y) ¼ 0.95�y2,
respectively [24].

The emission current I can be determined by the total emission
current from the efficient emission area near the nanowire top
edge on the outside of nanowire because the actual electric fields
on the top surface and side region of zod1 of nanowire cannot
produce the emission electrons from nanowire surfaces because
the fields are not enough larger in this case. Thus, the emission
current can be approximated by Eq. (18) based on the cylindrical
model of nanowire

I �

Z L

d1

2pr0JðEÞdz, (18)

where E is the function of z.
5. Results and discussions

The equipotential lines near the nanowire top in gated
structure obtained by the computer simulation method are
plotted in Fig. 3. We can see that the potential near the nanowire
top increases rapidly with the increase of r and z, and the potential
approach the fixed values when the distance from the outside the
nanowire tends to be a larger value.

The electric fields and potentials near the nanowire side are
calculated with the device parameters of L ¼ 9mm, R ¼ 5mm,
r0 ¼ 10 nm, d1 ¼ 8mm, d2 ¼ 200mm, Va ¼ 2000 V and Vg ¼ 50 V,
and their dependence on r is shown in Fig. 4(a) and (b).
The electric-field intensity around the nanowire decreases fleetly
with the r and finally reaches a fixed value of about 9.35 V/mm.
The variation rate of the electric-field intensity decreases with the
increase of r and approaches zero. Along the r direction, the
potential near the nanowire top increases from 0 to 62 V and then
tends to about 59.7 V in the region of 5mmor. These results are in
good agreement with the computer simulation results mentioned
above.

Fig. 5 shows the field-enhancement factor b as a function of the
gate-hole radius R when the device parameters are taken as
Va ¼ 2000 V, Vg ¼ 50 V, d1 ¼ 8mm, d2 ¼ 200mm, and L ¼ 9mm for
the different nanowire radii of 10, 20, and 30 nm. The enhance-
ment factor decreases rapidly with the increase of either r0 or R
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and tends to be constant (i.e., about 102), which is equal to the
aspect ratio of the individual nanowire with a few micrometers of
length (L ¼ 9mm) and a few ten nanometers radii (10–30 nm)
when R becomes infinite.

The enhancement factor as a function of the nanowire length L

when the device parameters are taken as Va ¼ 2000 V, Vg ¼ 50 V,
d1 ¼ 8mm, d2 ¼ 200mm, r0 ¼ 20 nm, and R ¼ 3mm is shown in
Fig. 6. The enhancement factor b increases almost linearly with
the nanowire length L, and its slope is about 1720 (1 per
micrometer) per micrometer.

To compute the current I from the apex of the gated nanowire,
we assumed that the work function of the nanowire top surface
is about 5 eV. The calculated results with the device parameters of
L ¼ 10mm, d1 ¼ 8mm, d2 ¼ 200mm, r0 ¼ 20 nm, and R ¼ 5mm are
shown in Fig. 7(a) and (b). Fig. 7(a) shows that the current density
on the top edge of the nanowire increases greatly with increasing
the gate voltage Vg, and exponentially with increasing the anode
voltage Va. Fig. 7(b) is the curve of emission current of the gated
nanowire vs. the gate voltage at the anode voltage of 2000 V. The
emission current increases from 3�10�6 to 18mA when the gate
voltage increases from 5 to 30 V, especially the slope of the curve
becomes much large when 15 VoVg, for example, the slope of the
curve is around 0.0039mA/V in the region of 5 VpVgp15 V and is
about 1.63mA/V in the region of 20 VpVgp30 V.
6. Conclusions

A gated conductive nanowire model was proposed to obtain
the actual electric field near the top of nanowire in this paper.
The field-enhancement factors as a function of the geometrical
parameters including the gate-hole radius, the nanowire radius,
and the emitter height were discussed. The dependence of the
total current and apex current density on the gate and anode
voltages were also discussed. This work provides useful informa-
tion for the fabrication and design of the gated nanowire cold
cathode for field-emission display panels and other nanoscale
gated structure of devices.
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