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Abstract—In this paper, we explore the effect of process variation on field emission characteristics in surface-conduction electron emitters. The structure of Pd thin-film emitter is fabricated
on the substrate and the nanometer scale gap is formed by the focused ion beam technique. Different shapes of nanogaps due to the
process variations are investigated by the experiment and threedimensional Maxwell particle-in-cell simulation. Four deformation
structures are examined, and it is found that the type 1 exhibits
high emission efficiency due to a stronger electric field around
the apex and larger emission current among structures. The electron emission current is dependent upon the angle of inclination of
surface. Hydrogen plasma treatment is also used to increase the
edge roughness of the nanogap and thereby dramatically improve
the field emission characteristics. For the nanogap with a separation of 90 nm, the turn-on voltage significantly reduces from 60 to
20 V after the hydrogen plasma treatment.
Index Terms—Angle of inclination of surface, field emission, hydrogen plasma, Maxwell equations, nanogap, Pd, particle-in-cell
(PIC) simulation, process variations, shape, surface-conduction
electron emitters (SCEs), thin-film emitter, turn-on voltage.

I. INTRODUCTION
PPLICATIONS of electrodes with nanometer separation
have recently been of great interest in molecular electronics [1], [2], biosensors [3], and vacuum microelectronics [4].
However, known researches of nanogap are only in their infancy
because complicated fabrication processes cannot be modeled
well. One of up-to-date applications of nanogap is the surfaceconduction electron emitter (SCE) for the flat panel displays
(FPDs). The surface-conduction electron-emitter display (SED)
is a new type of FPD based upon SCEs [5]–[7]. SEDs possess
high luminance, wide viewing angle, quick response time, and
low power consumption, compared with other FPDs such as
liquid crystal displays and plasma display panels. The critical
process step to fabricate an SCE is to create a nanofissure on
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a line electrode where the electron emission occurs. It results
in rather complicated and expensive procedure in the nanogap
fabrication technique. The field emission characteristics of SED
devices are seriously affected by the material and geometric
parameters, the separation of nanogaps, and the morphology of
edge surface of the emitters. Unfortunately, computer simulation of SCE has not been clearly drawn yet. As a result, a study
of obtaining high emission current, high emission efficiency,
and stable fabrication of nanogap becomes one of interesting
issues.
In this paper, we explore the field emission properties of four
deformed Pd nanogaps that are fabricated by the focused ion
beam (FIB) technique [8]. This fabrication approach is simple
and well controlled. We use a calibration model for analyzing
the field emission efficiency of the structure of Pd thin-film
emitter with nanogap of 90 nm under different conditions. A
particle-in-cell (PIC) numerical simulation is further performed
in this study. We consider a 3-D finite-difference time-domain
(FDTD) method for self-consistent simulation of the electromagnetic fields and charged particles. It enables us to explore
electron emission properties with one Pd electron emitter. In
the field emission process, electron emission is modeled by the
Fowler–Nordheim (F-N) equation [9], where the conducting
mechanism of the device could be explained. Furthermore, in
order to improve the emission current of the nanogap, we have
performed surface modification for the Pd electrodes with hydrogen plasma treatment. It enhances the surface roughness of
the nanogaps and generates higher electric fields for the electron
emission.
The experimental procedures of fabricating the nanogap are
presented, and then, we introduce the four types of deformation in Section II. We briefly state the solution methods in
Section III. The emission I–V characteristics, the electronic trajectories, and the field distribution near the nanogaps are examined in Section IV. The high field emission efficiency after
hydrogen plasma treatment is also analyzed experimentally in
this section. Finally, we conclude that different process variations lead to varied emission current.

II. FABRICATION PROCEDURE
Fig. 1 schematically shows the structure of the SCE device.
P-type (1 0 0) Si wafer is used as the substrate. A 150-nm-thick
SiO2 layer is first thermally grown on the Si substrate. The
Ti layer with 5 nm thick is electron-beam-evaporation (e-beam)
deposited on the oxide as an adhesion layer for the subsequently
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Fig. 1. Schematic plot of SCE structure and cross section of SCE in x–z plane.
The thicknesses of this device are shown in the bottom-right corner.
Fig. 3. SEM image of the nanogap formed on the Pd strip in the SCE structure
by using FIB technique. The scale bar indicates a length of 100 nm.

current and high emission efficiency after the hydrogen plasma
treatment will be shown in Section IV.
III. METHOD OF CALCULATION

Fig. 2. Cross-sectional plots along the x–z plane. Four types of the SCEs
caused by process variation are considered in this study. The first plot shows the
normal one of the SCE.

e-beam deposited Pt thin film with a thickness of 10 nm. Pattering of the Pt/Ti line electrodes with a width of 80 µm is
photolithographically performed using liftoff method. The Pd
thin film 30 nm thick is then e-beam deposited on the Pt/Ti bottom electrode and the liftoff method is also used to pattern the
Pd electrode line 50 µm long and 3 µm wide. A nanogap with a
separation of 90 nm on the Pd strip is then produced by the FIB.
Electron emission characteristics in the nanogap are studied using a dc voltage power supply. The measurement is carried out
under a vacuum condition of 1.0 × 10−6 torr. This fabrication
method is easily reproducible and compatible with contemporary IC technology. The width of nanogap of original type can
be readily controlled by tuning the ion beam energy. However,
the four types of nanogaps, shown in Fig. 2, could be induced by
the process variations in FIB operations or predefined by other
fabrication methods [10], [11].
A planar view of SEM image of the original type is shown in
Fig. 3. The edges of emitter are smooth and straight according
to the SEM observation. The type 1 may be formed by adjusting
the direction of FIB with a proper angle. Type 2 is the inverse of
type 1 by changing the opposite direction of the FIB in
type 1. Type 3 can be fabricated by using advanced microfabrication technology based on FIB, dry etching, and thermal oxidation [10]. Type 4 is found in [11] by using the same technique
FIB. To verify the surface-conducting characteristics, effects
on the process variation are examined. The increased emission

We first formulate a calibration model with the experimental
data by using the simulation program that has been developed to
calculate the emission efficiency of different SCEs. The electromagnetic PIC codes are performed in the numerical simulation,
where the computational flowchart is shown in Fig. 4.
Starting from a specified initial state, we simulate electrostatic
fields as its evolution in time. We then perform a time integration
of Faraday’s law, Ampere’s law, and the relativistic Lorentz
equation [12], [13]
 ∂B

= −∇ × E


∂t


 ∂E
J
1
=− +
∇×B
(1)

∂t
ε
µε




∂x
 F = q (E + v × B)
and
=v
∂t
subject to constraints provided by Gauss’s law and the rule of
divergence of B
ρ
∇·E=
and ∇ · B = 0.
(2)
ε
We notice that E and B are the electric and magnetic fields, x is
the position of charge particle, and J and ρ are the current density
and charge density resulting from charge particles. The full
set of Maxwell’s time-dependent equations is simultaneously
solved to obtain electromagnetic fields. Similarly, the Lorentz
force equation is solved to obtain relativistic particle trajectories.
In addition, the electromagnetic fields are advanced in time at
each time step. The charged particles are moved according to
the Lorentz equation using the fields advanced in each time
step. The weighted charge density and current density at the
grids are subsequently calculated. The obtained charge density
and current density are successively used as sources in the 3-D
Maxwell equations for advancing the electromagnetic fields.
These steps are repeated for each time step until the specified
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Fig. 4. (a) Flowchart of the PIC procedure. (b) Computational scheme for the
simulation, where the block of the PIC procedure is shown in (a).

number of time steps is reached. We notice that the space–charge
effects are automatically included in the simulation algorithms.
The effect of space–charge on field emission was discussed by
Stern et al. [14]. This 3-D FDTD-PIC method thus approaches
to self-consistent simulation of the electromagnetic fields and
charged particles.
In the field emission process, the electron emission is modeled
by the F-N equation [8]


−Bv (y) ϕ3/2
AE 2
exp
J=
(3)
ϕt2
E
where A = 1.541 × 10−6 A·eV/V2 and B = 6.3408 ×
108 eV−3/2 · V·µm−1 , E is the normal component of the
electric field at the emitter surface, ϕ is the work function of
the emission material, t2 is approximately equal to 1.1, and
v(y) = 0.95 − y 2 , with y = 3.79 × 10−5 × E 1/2 /ϕ being in
SI unit. The emission current density is determined by (3)
according to the local electric field, the work function of emitter
material, and the geometric factors. We notice that, in the entire
simulation, all dimensions of physical quantities are the same
with the experimental settings.
IV. RESULTS AND DISCUSSION
For exploring the effects of the gate voltages and the inclined
angle of nanogaps upon the emission current, we analyze the
electron trajectories and the electric fields simultaneously. For

Fig. 5. (a) I–V characteristics of the SCE device with different types caused
by process variations. (b) Corresponding F-N plot indicating the true nature of
field emission.

the constant angle of inclination, the computed I–V characteristics with various nanogap emitters compared with the experimental data of the nanogap of original type are shown in Fig. 5.
When the gate voltage varies from 10 to 100 V, the four kinds
of symbols indicate the simulated data of four types and the line
represents the experimental data of original type. It is found,
shown in Fig. 5(a), that the turn-on voltage of 60 V is obtained
at an emission current of 70 µA for nanogap of 90 nm wide.
However, there is a significant effect upon the electron emission
of the inclination of surface and gate voltage. When the gate
voltage is 60 V, we find that the emission current of type 1 and
type 2 are larger than the emission current of the original type,
but as the gate voltage is raised to 100 V, only the emission current of type 1 is larger than the emission current of the original
type. A very high emission current of 0.3 mA is estimated at
the gate voltage of 80 V for the emitter of 90 nm wide. The
corresponding F-N plot [i.e., a plot between ln(I/V 2 ) and 1/V]
of the field emission of Pd SCE is shown in Fig. 5(b). Assuming
the work function ϕ = 5.12 eV for Pd, the linear relationships
in the high-voltage region indicate that the electron conduction
followed the F-N field emission mechanism.
When the gate voltage is fixed at 60 V and the inclined angle is
60◦ , the electric field contours with different types of nanogaps
are shown in Fig. 6. The local electric field near the nanogap,
shown in Fig. 6(b), is higher than Fig. 6(a) and (c)–(e). Therefore, the emission current in Fig. 6(b) should be higher than
that of Fig. 6(a) and (c)–(e). This structure of type 1 that has
a tip around the corner on the left electrode implies that it can
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Fig. 6. Contour plots of electric fields. (a) Original type. (b) Type 1. (c) Type 2.
(d) Type 3. (e) Type 4. The width of nanogap is approximately 90 nm, the angle
of inclination is 60◦ , and the gate voltage is 60 V.

produce high electric fields around the emitter apex, and generate high emission current.
Fig. 7 compares the electron emission current with angle of
inclination under two different gate voltages. We find that the
emission current attains the maximum in the type 1 and it is
always larger than the value when the surface is vertical (the
same fact as shown in Fig. 5). When the angle is smaller than
90◦ , the emission efficiency has no improvement in the type 3
and type 4. This phenomenon is caused by the electric fields
are not concentrated on the emitted surface and the distributed
electric field broadens the potential barrier at the metal–vacuum
interface for the electrons to have a less chance of tunneling
from the solid into vacuum. It is obvious that the type 3 and
type 4 are not seriously influenced by the inclination of surface,
but the type 1 can improve the emission efficiency when the
angle is smaller. In addition, decreasing the inclined angle or
the gate voltage can enhance the emission current in type 2.
High brightness and long lifetime are the main targets of
emission material investigations for scientific instrument applications, but high current density and low power consumption
are the guiding rules for display applications. Hence, we here
explored the emission characteristics caused by different material work functions with respect to the nanogap of original
type because changes of the local work functions lead to field
emission current fluctuation [15]. Therefore, we propose that
the morphology of nanogap edge can be greatly modified by
the plasma treatment. After a hydrogen plasma treatment on the
SCE device, the edges become very rough due to severe ion bombardment. The surface-conducting properties of the SCE can be
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Fig. 7. Plot of the inclined angles of surface versus the emission current,
where the width of nanogap is 90 nm. The gate voltage is (a) 60 V and
(b) 100 V, respectively.

great of progress after the hydrogen plasma treatment. Fig. 8(a)
shows the field emission I–V curves for the Pd emitter with a
90 nm nanogap after the plasma treatment under various treatment times and the corresponding F-N plot is shown in Fig. 8(b).
We can find the emission current increase after this treatment.
Here, the turn-on voltage is defined as the gate voltage at which
the F-N plot began to show the linear behavior, as marked by circle in Fig. 8(b). In addition, the zoom-in plot of red line that can
be clearer to know the electron emission mechanism is shown in
the upper plot of Fig. 8(b). We can find that the turn-on voltages
near 80 and 70 V are observed in the 90 nm nanogap with no
hydrogen plasma treatment and hydrogen plasma treatment for
1 min, respectively. After the hydrogen plasma treatment for
3 min, the turn-on voltage dropped from 80 to 30 V. From the
observations of Fig. 8, the emission current indeed convinces
the mechanism of F-N model. The significant reduction in the
turn-on voltage after the hydrogen plasma treatment might be
ascribed to the formation of a rugged nanogap edge and the decrease of the work function in the electron-emitting area. During
the hydrogen plasma treatment, the Pd electrodes are subject to
hydrogen ion bombardment leading to the formation of a rough
surface on the Pd electrodes. The nanogap edges thus become
rugged as well according to the SEM study, which is shown
in Fig. 9. Therefore, electric fields can concentrate around areas with sharp features resulting in the enhancement of field
emission efficiency [10]. In addition, the surfaces of Pd electrodes are hydrogenated during the plasma treatment forming
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Pd hydrides that have a smaller work function than the metallic Pd [16]. The reduction in the work function of the emitter
surface can effectively increase the field emission current and
thereby decrease the turn-on voltage. Except the process variations on nanogap, controlling the roughness and the local work
function at emission point are also important issues.
V. CONCLUSION
We have successfully fabricated nanogap with a separation of
90 nm on the Pd electrode in the SED emitter structure using FIB
technique. The width of nanogap can be readily controlled by
tuning the ion beam energy and it also easily leads to the process
variations. To verify the emission characteristics, effects on the
process variation have been examined. Our results imply that the
decrease in the angle of inclination of surface is effective but
may not suit all cases except the type 1. One of the best choices
of the shape under the conditions of process variation is the type
1 due to its stronger electric field around the apex and larger
emission current. Hydrogen plasma treatments could greatly
reduce the turn-on voltage. The turn-on voltage of the 90 nm
Pd nanogap can be reduced from 80 to 30 V after the hydrogen
plasma treatment for 3 min. The decrease is ascribed to the
formation of a rugged nanogap edge and surface Pd hydrides.
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