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In this work, a novel nanogap with inclined protrusion cathode in palladium strip fabricated by hydrogen
absorption under high-pressure treatment is optimized for the surface conduction electron-emitter. Its
field emission is sensitive to the geometry of surface conduction electron-emitters (SCE). For a specified
emitter material, the SCE are further investigated by varying the thickness, tilted angle and gap of palla-
dium (Pd). An optimal field emission efficiency with 80� tilted angle, 120 nm gap and 10 nm thickness of
Pd is found for certain designed field emission efficiency. We further find that varying the emitter mate-
rial work function of the emitter material from 5.12 eV to 3.9 eV will further improve the field emission
property due to the increase of the emitted current.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Electrodes with nanometer separation have lots of different
applications, such as molecular electronics [1,2] and vacuum
microelectronics [3]. One of emerging technologies of nanogap is
the surface conduction electron-emitter (SCE) [4] for the flat panel
displays (FPDs) applications which has attracted much attention
since reported by Sakai et al. [5]. The SCE display (SED) is an ad-
vanced type of FPD based upon SCEs. The critical process step to
fabricate SCEs is to create a nanofissure on a line electrode for
the electron emission. SEDs have some attractive advantages, such
as high-quality image, high resolution, quick response time, as well
as low power consumption [6]. However, the nanogap fabrication
process is such complicated and expensive. We notice that the field
emission (FE) efficiency and current density of these FE cathodes
further depend on both their geometry and fabrication materials.
For the SCE, emission is obtained with a large electric field by a
driving voltage that causes electrons to tunnel over a potential bar-
rier out of the emitter to the driving electrode and anode. The emit-
ter’s geometry increases emission by enhancing the electric field
and reducing the barrier over which the electrons must tunnel.

In this work, we theoretically optimized the fabricated a palla-
dium (Pd) nanogap electrode with a well-defined gap size [7,8]. For
a fixed emitter material work function, the SCEs are investigated by
varying the thickness, the tilted angle and the gap of palladium
(Pd). Optimal field emission efficiency with 80� tilted angle,
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120 nm gap and 10 nm thickness of Pd could be found. We have
found that the proposed SCE with a smaller emitter material work
function for the emitter material will induce a larger emitted cur-
rent, which may increase the collected current on the anode. It pos-
sesses higher field emission with higher focusing capability,
compared with proposed SCE with a larger work function of Pd
in the part of cathode, as shown in Fig. 1.
2. Structure and simulation

Fig. 1a schematically shows the structure of FPD based upon
SCEs. Firstly, the substrate is formed by a p-type (100) silicon (Si)
wafer. On silicon substrate, a 150-nm-thick SiO2 layer was ther-
mally grown. An adhesion layer which was made by titanium
(Ti) with 5-nm-thick is deposited by electron-beam-evaporation
(e-beam) on the oxide. On the top of titanium, the Platinum (Pt)
with a 10 nm thickness thin film is as well as deposited by e-beam.
By a lift-off process, the pattern of Pt/Ti line electrodes with 80 lm
width was photolithographically performed. On the Pt/Ti bottom
electrode, the Pd with 30 nm thickness thin film [9,10] was depos-
ited by e-beam. And the lift-off method was also used to pattern
the Pd electrode line of 50 lm length and 3-lm width [11–13]. Un-
der high-pressure treatment, a nanogap with a separation on the
Pd strip was then produced by hydrogen absorption. About the an-
ode, we use screen printing to obtain phosphor thick films. Then
the aluminium coating with the thickness of 50–300 nm was evap-
orated on some phosphor films. A clear description of fabrication
and characterization could be found in our previous work [14,15].

For investigating the field emission properties in SCE, the FDTD-
PIC [16–19] codes are implemented. Starting from a specified ini-
tial state, we simulate electrostatic fields as its evolution in time.
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Fig. 1. (a) Schematic plot of the SED structure and (b) the cross-sectional plot on the
xz plane. The distance between anode and cathode is 100 lm. The gate voltage (Vg)
and anode voltage (Va) are 40 V and 1200 V respectively [7].
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We then perform a time integration of Faraday’s law, Ampere’s
law, and the relativistic Lorentz equation. The full set of Maxwell
time-dependent equations is simultaneously solved to obtain elec-
tromagnetic fields. Similarly, the Lorentz force equation is solved
to obtain the relativistic particle trajectories. In addition, the elec-
tromagnetic 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
and current density at the grids are subsequently calculated. The
obtained charge and current densities are successively used as
sources in the 3D Maxwell equations for advancing the electro-
magnetic fields. These steps are repeated for each time step until
the final time is reached. In addition, the FDTD-PIC method allows
the statistical representation of general distribution functions in
phase space. The use of fundamental equations contains the full
nonlinear effects, the space charge and other collective effects
which can be included self-consistently by coupling charged parti-
cles to the field equations via source terms. The particle treatment
permits the incorporation of relativistic effects. This 3D FDTD-PIC
method approaches a self-consistent simulation of the electromag-
netic fields and charged particles. In the FE process, the electron
emission is modelled using the Fowler–Nordheim (F–N) equation.
We notice that all dimensions of the physical quantities are the
same with the experimental settings and the surfaces in the SCE
are assumed to be smooth on the cell level in the complete simu-
lation [7,8,16,18].

3. Results and discussion

To explore the electron-emission behaviours in SCEs, the FDTD-
PIC simulation technique [16–19] is employed to solve a set of 3D
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Fig. 2. (a) The effect of emitter material work function on the field emission current wit
emission in (a).
Maxwell equations coupled with the Lorentz equation. Including
the effect of space charge, this approach is a self-consistent simu-
lation of the electromagnetic fields and charged particles. In the FE
process, the electron emission is modelled by F–N equation. We
found that the proposed SCE with 3.9 eV emitter material work
function has higher emitted emission than with 5.12 eV emitter
material work function which is based on experimental data, as
shown in Figs. 2, 4 and 6, respectively.

Fig. 2a shows the effect of emitter material work function on the
field emission current with 60-, 90- and 120-nm separations of
nanogap. The emitted current decreases as the nanogap become
wider due to electric field degrading. Fig. 2b shows the correspond-
ing electron charges of the field emission in Fig. 2a, which is pro-
portional to the emitted current. The emitted current with 60 nm
gap is larger than that of 90 nm and 120 nm due to the stronger
electric field, as shown in Fig. 3a. As the separation is increased,
the electrical field is weakened. The results show that SCE with lar-
ger nanogap leads narrow distribution of electric field and number
of emitted electrons extracted from tip of emitter is restricted, as
shown in Fig. 3b. With a smaller tilted angle, the tip of emitter ben-
efits enhancement of electrical field and emits more electrons out,
as shown in Fig. 4a, where the tilted angle is 20�, 50� and 80�
respectively. The corresponding electron charges of the field emis-
sion are shown in Fig. 4b. The SCE with a larger tilted angle benefits
emitted electrons to move upward, but obtuse angle is detrimental
for electric field to emit more electrons out from emitter, as shown
in Fig. 5a and b, which results in narrow distribution of electric
field. Then the collected current on the anode is decreased and
the field emission efficiency becomes lower. Fig. 6a and b shows
the effects of the emitter material work function on the field emis-
sion current and corresponding electron charges with the thickness
of the 10, 30 and 50 nm nanogap, respectively. Fig. 7a shows the
thin thickness of Pd provides a larger emitted current than a thick-
er one due to the tip formation around emitters. The thicker thick-
ness of Pd is harmful to tip formation around emitter so that has
lack of emitted electrons, as shown in Fig. 7b. According to above
analysis, we change the thickness (10, 20 and 30 nm), tilted angle
(20�, 50�, 80�) and gap (60, 90 and 120 nm) of Pd with smaller
emitter material work function simultaneously to investigate field
emission. For example, the SCE with 60 nm gap, 10 nm thickness
and tilted angle 20� benefits the tip formation around emitter,
but most emitted electrons may be attracted by the strong electri-
cal field to move downward that results in smaller collected cur-
rent on the anode. Although the reduction of collected current is
large, the SCE with Fig. 7a shows the thin thickness of Pd provides
a larger emitted current than a thicker one due to the tip formation
around emitters. The thicker thickness of Pd is harmful to tip for-
mation around emitter so that has lack of emitted electrons, as
shown in Fig. 7b. According to above analysis, we change the thick-
ness (10, 20 and 30 nm), tilted angle (20�, 50�, 80�) and gap (60, 90
and 120 nm) of Pd with smaller emitter material work function
simultaneously to investigate field emission. For example, the
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Fig. 3. The contour of the electric field for the structure with (a) 60 nm gap, 20� tilted angle and 10 nm thickness of Pd and with (b) 120 nm gap, 20� tilted angle and 10 nm
thickness of Pd at Vg = 40 V.
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Fig. 4. (a) The effect of emitter material work function on the field emission current with various tilted angle of nanogap. (b) The corresponding electron charges of the field
emission in (a).

Fig. 5. The contour of the electric field for the structure with (a) 60 nm gap, 20� tilted angle and 30 thickness of Pd and with (b) 60 nm gap, 80� tilted angle and 30 thickness of
Pd at Vg = 40 V.
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Fig. 6. (a) The effect of emitter material work function on the field emission current with various thickness of nanogap. (b) The corresponding electron charges of the field
emission in (a).
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SCE with 60 nm gap, 10 nm thickness and tilted angle 20� benefits
the tip formation around emitter, but most emitted electrons may
be attracted by the strong electrical field to move downward that
results in smaller collected current on the anode. Although the
reduction of collected current is large, the SCE with a smaller work
function cause more electrons can tunnel through material due to



Fig. 7. The contour of the electric field for the structure with (a) 120 nm gap, 50� tilted angle and 10 nm thickness of Pd and with (b) 120 nm gap, 50� tilted angle and 50 nm
thickness of Pd at Vg = 40 V.
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Fig. 8. The simulated current density distributions on the anode plates for the SCE structures (a) with 60 nm gap, 10 nm thickness and 20� tilted angle and (b) with 120 nm
gap, 10 nm thickness and 50� tilted angle.
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lower barrier. In analysis the field emission, it is more clear and
convenient to check the field emission efficiency (g) which is de-
fined as the ratio of the collected currents on the anode (Ic) and
emitted current (Ie). It implies that the field emission efficiency is
proportional to the collected current on the anode and inversely
proportional to emitted current. For the case of 60 nm gap,
10 nm thickness and 20� tilted angle, both design conditions (nar-
rower gap, thin thickness and smaller tilted angle) benefit the
enhancement of electric field. The emitted current becomes large
but the strong electric field attracts more emitted electrons to
move downward so that collected current on the anode is reduced,
as shown in Fig. 8a. Then it results in smaller field emission effi-
ciency but with larger emitted current. With 10 nm gap, 120 nm
thickness and 50� tilted angle, the wider gap may reduce the emit-
ted current and weaken the electric field. A larger tilted angle
exhibits a smaller collected current on the anode due to smaller
emitted electrons, as shown in Fig. 8b. However, weak electric field
attracts less emitted electrons to move downward so that more
electrons can move upward. Therefore, the field emission effi-
ciency is increased.
4. Conclusions

The electron emission properties in the novel SCE palladium
nanogap fabricated by high-pressure hydrogen absorption treat-
ment have been comprehensively explored. The new SCE has the
protrusion on the cathode and the inclined sidewall, and these
key features enhance the local fields and electron beam focuses;
they thus protect emission areas from being damaged by impurity
ions during FE operation. The result has shown that SCE with smal-
ler emitter material work function has high FE efficiency, low turn-
on voltages and high focusing capability, compared with SCE using
larger work function. Through the time-dependent FDTD-PIC
simulation, a beneficial design for setting of SCE geometry is with
50–80� tilted angle, 90–120 nm gap and 10–30 nm thickness of Pd.
Consequently, optimal and reliable field emission efficiency with
80� tilted angle, 120 nm gap and 10 nm thickness of Pd has been
found. The results of this study allow us to precisely control the
current density distributions on the anode plates for designing
high-quality SCE display.

We note that the Pd–H system has two distinct phases, a hydro-
gen solution phase a and a hydride phase b. The two phases may
singly exist in a pure form or coexist in the Pd–H system depending
on the Pd:H atomic ratio and the absorption temperature. The b
phase has a lattice constant larger than the a phase. The phase
transformation from a phase to b phase is accompanied by a vol-
ume expansion of 12%, resulting in a large compressive stress in
the Pd thin film. Under this consideration, we use high-pressure
hydrogen treatment to form one single nanogap in the Pd strip
electrode of the explored SCE structure. Based upon our theoretical
results, shown in Figs. 2, 4 and 6, an experimental work is currently
under planned which will be conducted in our future work.
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