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Abstract—Application of nanogaps for electron sources is fasci-
nating in surface-conduction electron-emitter display. In contrast
to rather complicated fabrication processes of the focused ion beam
technique for the extremely narrow fissure, nanogaps fabricated
by hydrogen embrittlement (HE) have thus been proposed as novel
surface-conduction electron emitters due to their low turn-ON volt-
age, high emission current, high focus capability, and high emission
efficiency. In this paper, we theoretically investigate effects of the
separation width and the tilted angle of the nanogaps fabricated
by HE method on the field emission efficiency using a 3-D finite-
difference time-domain particle-in-cell simulation technique. The
structure with a large tilted angle may result in a high emitted cur-
rent, but the collected current on the anode is suppressed due to
the strong local field around the tip. A small structure prevents the
emitted electrons from spreading out, and thus, no current could
be collected by the anode. Also, the structure with a wide (or a
narrow) separation of gap weakens (or enhances) the field around
the tip and reduces the collected electrons. For better emission ef-
ficiency and focus capability, the separation width and the tilted
angle of the examined structure could vary from 57 to 117 nm and
30◦ to 60◦, respectively.

Index Terms—Collected electron current, emitted electron cur-
rent, field emission efficiency, focus capability, Fowler–Nordheim
equation, finite-difference time-domain (FDTD) particle in cell
(PIC), hydrogen embrittlement, Maxwell’s equations, motion tra-
jectory, nanogaps, palladium, separation width, surface conduc-
tion electron emitters, tilted angle.

I. INTRODUCTION

SURFACE-CONDUCTION electron-emitter display (SED)
based upon surface-conduction electron emitters (SCEs)

[1]–[6] is one of new type flat panel displays. Our recent inves-
tigations have indicated that the technique involving field emis-
sion properties of novel SCEs with nanogaps fabricated by hy-
drogen embrittlement (HE) as field emission sources is superior
to the conventional focused ion beam (FIB) technique [7]–[11].
It is known that the geometrical configuration of the nanogaps
fabricated by HE method may have significant influence on the
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field emission of SCEs. However, the study on optimal config-
uration, such as the separation width and the tilted angle of the
novel nanogaps fabricated by HE method, has not been reported
to date.

To obtain better field emission property and a higher focus
capability for advanced SED applications, we study the effect
of the separation width and the tilted angle of cathodes on the
emission efficiency of SCEs with the nanogaps fabricated by
HE method. A 3-D particle-in-cell (PIC) method, coupled with
the finite-difference time-domain (FDTD) scheme, is adopted to
explore the optimal configuration of the novel nanogaps on the
palladium (Pd) thin-film strip. However, to obtain the desired
field emission properties, the designing variables are modified.
The 3-D FDTD-PIC scheme includes the space charge effects
automatically, which allows us to analyze the final steady-state
effect of configuration on the conducting mechanism and the
field emission efficiency of the Pd hydrogenation nanogap field
emission emitter. The result obtained in this study shows that the
nanogap fabricated by HE method on the Pd thin-film strip with
a large tilted angle may result in high emitted currents, but the
collected current on the anode is suppressed due to the strong
local field around the tip of the nanogap. For the novel SCE
with a small angle, the structure prevents the emitted electrons
from spreading out, and thus, no current could be collected
by the anode. In addition, the novel SCE with wide separation
of gap weakens the field around the tip. Similarly, we have
an enhanced local field around the tip for the structure with a
narrow separation of gap. Both of them will reduce the collected
electrons. According to our preliminary examinations, we thus
find a tradeoff between the tilted angle and the separation width
of the nanogap fabricated by HE method. For better emission
efficiency and high focus capability, the gap width could range
from 57 to 117 nm and the tilted angle could vary from 30◦ to
60◦.

This paper is organized as follows. Section II describes the
nanogaps fabricated by HE method for the SCE structure and
the simulation procedure. In Section III, the emission cur-
rent, the electronic trajectories, the electric field distribution
near the nanogaps, and the emission efficiency are examined
with respect to different tilted angle and separation width of
gap. Finally, conclusions are drawn.

II. STRUCTURE AND SIMULATION TECHNIQUE

For the structure of SCE to be explored, a 150-nm-thick SiO2
layer was first thermally grown on the Si substrate. The Ti layer

1536-125X/$26.00 © 2009 IEEE
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Fig. 1. Cross-sectional illustration of the (a) FIB and (b) nanogaps fabricated
by HE method within the structure of SCEs.

with 5 nm thickness was electron beam (e-beam) evaporation
deposited on the oxide as an adhesion layer for the subsequently
deposited Pt thin film with a thickness of 10 nm. The pattering of
the Pt/Ti line electrodes with a width of 80 µm was photolitho-
graphically performed using a liftoff method. The 30-nm-thick
Pd thin film [12]–[14] is deposited on the Pt/Ti bottom elec-
trode, and liftoff method is also used to pattern the 50-µm-long
and 3-µm-wide Pd electrode line [15]–[17], where the material
settings are shown in the upper right of Fig. 1. Electron emission
characteristics in the nanogaps are studied using a dc voltage
power supply. The measurement is carried out under a vacuum
condition of 10−6 torr [18], [19]. We notice that the shape of
nanogap could be controlled by two different treatments. Gaps
with a right vertical angle could be formed by the focused ion
beam (FIB) energy [20]–[22], and the gaps with various tilted
angles are fabricated by the high-pressure hydrogen absorption
treatment, as shown in Fig. 1(a) and (b), respectively [23], [24].
Details of fabrication characterization and calibration of the
conventional and novel structures have been reported in our
previous works [7]–[11].

To explore the effect of the tilted angle and the separation
width on the emission efficiency and focus capability of the
nanogap fabricated by HE method on the Pd thin-film of the
SCE, starting from a specified initial state, according to [25],
we solve Maxwell’s equation
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and then obtain Lorentz’s force
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We notice that �E and �B are the vectors of electric and mag-
netic fields, respectively, �x and �v the vectors of position and
velocity of electron, respectively, ε and µ are permeability and
permittivity, and �J and ρ are the current density vector and
charge density resulting from charge particles, respectively. For

Fig. 2. Computational scheme for field emission simulation.

each PIC procedure, the fundamentals of PIC are briefly de-
scribed [26]–[28]; the full set of 3-D Maxwell’s equations is
simultaneously solved using FDTD method to obtain electro-
magnetic fields [26]–[30]. The electrons are moved according
to the fields advanced in each time step. The obtained electron
density and current density are successively used as sources
for advancing the electromagnetic fields. This 3-D FDTD-PIC
method forms a self-consistent simulation of the electromag-
netic fields and charged particles, as shown in Fig. 2 [10]. These
steps are repeated for each time step until the specified number
of time steps is reached.

In the field emission process, the electron emission is calcu-
lated by the Fowler–Nordheim equation [31]

J =
AE2

ϕt2
exp

(
−Bv(y)ϕ3/2

EN

)
(3)

where the experimentally validated coefficients A and B are
1.541 × 10−6 A·eV/V2 and 6.3408 × 108 eV−3/2 ·V·µm−1 , EN
is the normal component of the electric field at the emitter sur-
face, ϕ is the work function of the emission material [32]–[35],
t2 = 1.1, and v(y) = 0.95 − y2 , with y = 3.79 × 10−5 ×
E1/2/ϕ being in SI unit [7]–[11].

We have previously observed that the SCEs fabricated by HE
method have a higher focus capability than that of the conven-
tional one fabricated by FIB method [7], [10]. To pursue the
higher field emission efficiency and more focus capability, we
further examine the geometrical configuration of the structure
fabricated by HE method and the property of its field emission.
Section III simultaneously optimizes the tilted angle, ranging
from 10◦ to 80◦, and the gap width, varying from 0 to 147 nm,
of Pd (morphology of the emitters) to investigate the character-
istics of field emission.
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Fig. 3. (a) Schematic plot of the SED structure, where the SCE is fabricated
by high-pressure hydrogen absorption treatment, where Va + Vd = 2000 V and
Vd = 40 V. (b) Cross-sectional plot of the SCE along the x–z plane, where the
gap and θ are the separation width and the tilted angle.

III. RESULTS

Fig. 3(a) and (b) illustrates the overview of the SED struc-
ture and the cross-sectional plot of nanogaps fabricated by HE
method on the x–z plane. The anode voltage (Va) and cathode
voltage (Vd ) are fixed at 1960 and 40 V for all of the following
calculations. We notice that the SCEs fabricated by HE method
under such bias condition maintain enough voltage to turn on
the emitter electrode based on our experimental characteriza-
tion [7]–[11]. The gap width and the tilted angle of SED, as
shown in Fig. 3(b), are two process variables to be examined
for designing a high-performance SED device. We first find that
the SED collects no current on the anode electrode if the sep-
aration width and the tilted angle of SCE nanogap are 147 nm
and 10◦. The structure with an extremely tilted angle weakens
the strength of electric field around the emitter, as shown in
Fig. 4(a); from the electronic trajectory perspective, which is
shown in Fig. 4(b), the emitted electrons under this configura-
tion are strongly blocked by the geometry.

For the case with a smaller separation width and a larger
tilted angle, 0 nm and 80◦, for example, a large number of
electrons are emitted from the emitters due to a strong electric
field, as shown in Fig. 5(a). The narrower gap width implies
the stronger electric field. The electric field between the left
and right emitter electrodes is strong enough to attract more
electrons due to smaller gap width, as shown in Fig. 5(b).

However, more emitted electrons are attracted, and hence,
move downward along the direction of the strong electric field

Fig. 4. Plot of (a) electric field and (b) electronic trajectory. Both of them
result from the structure with 147 nm separation width and 10◦ tilted angle.

Fig. 5. Plot of (a) electric field and (b) electronic trajectory for the structure
with 0 nm separation width and 80◦ tilted angle.

Fig. 6. Plot of (a) electric field and (b) electronic trajectory for the structure
with 27 nm separation width and 20◦ tilted angle.

around the tip of electric field. It results in more electrons being
absorbed by the cathodes because the distribution of electric
filed is limited in a smaller region. Only very few emitted elec-
trons could be collected by the anode. According to the earlier
observations, we know that too narrow separation width or large
tilted angle will decrease the collected current due to a strong
electric field around the apex of cathodes. The most part of emit-
ted electrons moves downward rapidly; consequently, the anode
electrode could merely collect few electrons.

For example, if we further decrease the tilted angle from 80◦

to 20◦ and increase the separation width of gap from 0 to 27 nm,
the strength of electric field is reduced and the distribution of
electric field becomes wider, as shown in Fig. 6(a). Compared
with the SCE with 0 nm separation width and 80◦ tilted angle,
the electric field reduction is about 60% due to a wider gap.
However, the gap width is still narrow that could not prevent
the emitted electrons from moving downward to be absorbed,
as shown in Fig. 6(b). Only fewer emitted electrons are attracted
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Fig. 7. Plot of (a) electric field and (b) electronic trajectory for the structure
with 87 nm separation width and 40◦ tilted angle.

Fig. 8. Plot of (a) collected and (b) emitted currents for the separation width
from 0 to 147 nm and the tilted angle from 10◦ to 80◦. The inset of (b) is the
emitted current in the log scale.

by the tip of electrode due to the weak electric field. Most of
electrons are moving upward as they are attracted by the anode,
and thus, result in large collected current, and a high efficiency
of field emission could be expected. We know that an increased
tilted angle can avoid significant reduction of the strength of
electric field. For a wide gap width, only few electrons could be
emitted from the electrode due to the weaker electric field. As
the gap width is increased from 27 to 87 nm and the tilted angle
is slightly increased from 20◦ to 40◦, the gap with the larger titled
angle demonstrates that the distribution of electric field is wider
and extends upward from the electrode, as shown in Fig. 7(a).
Thus, more emitted electrons move upward. Compared with
the case of 0 nm and 80◦, the electric field reduction is about
45%. The reduction of electric field is less than that for the
case of 27 nm and 20◦. We could conclude that the variation
of titled angel is more sensitive than the variation of gap width
in field emission. It is found that more emitted electrons move
upward to the anode as the driving voltage is increased, as
shown in Fig. 7(b). Consequently, there is a tradeoff between
the separation width of gap and the tilted angle. According to
the analyses given before, the collected and emitted currents are
shown with respect to different separation width and tilted angle
of SCE nanogap in Fig. 8(a) and (b), respectively. By defining
the efficiency as the collected current divided by the emitted
current and considering the emitted current, which is greater
than 1 × 10−6 A, as a criterion for the following efficiency
calculation, the estimated efficiency is shown in Fig. 9, where
the electric field, emitted and collected currents, and efficiency
for the interesting cases of 57 and 117 nm are listed in Table I.
Most of emitted electrons enter into the oxide conduction band,

Fig. 9. Efficiency versus the separation width and the tilted angle for the
investigated SED.

TABLE I
ELECTRIC FIELD, EMITTED CURRENT, COLLECTED CURRENT, AND

EFFICIENCY FOR 57 nm GAP AND 117 nm GAP WITH TILTED

ANGLES 30◦ AND 60◦, RESPECTIVELY

Fig. 10. Plot of the electric field for the case of structure with (a) 87 nm gap
and 30◦ tilted angle and (b) 147 nm gap and 80◦ tilted angle.

which results in degradation of efficiency. It is then noted that
the gap width and the tilted angle have an influence on the
amount of electrons that enter the oxide. The results show that
the explored structure with the range of the separation width
from 57 to 117 nm and the larger tilted angle from 30◦ to 60◦

possess promising emission efficiency.
To investigate the focus capability, we further examine the

SCE structure with 80◦ tilted angle and 147 nm gap, which is
out of the suggested range. We compare it with the SCE with
30◦ tilted angle and 87 nm gap, where they have similar strength
of electric fields, as shown in Fig. 10(a) and (b). The distribution
of electric field for the case with 30◦ tilted angle and 87 nm gap
is relatively small, and the emitted electrons can move upward
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Fig. 11. 3-D electronic trajectories of the cases with (a) 87 nm gap and 30◦

tilted angle and (b) 147 nm gap and 80◦ tilted angle.

Fig. 12. Plot of the electronic trajectories on the x–z plane of the cases with
(a) 87 nm gap and 30◦ tilted angle and (b) 147 nm gap and 80◦ tilted angle.

Fig. 13. Plot of the electronic trajectories on the y–z plane of the cases with
(a) 87 nm gap and 30◦ tilted angle and (b) 147 nm gap and 80◦ tilted angle.

and are localized centrally. However, the emitted electrons with
a wider gap width spread out. The corresponding 3-D electronic
trajectories are shown in Fig. 11(a) and (b). On the x–z plane,
the electronic trajectory of the SCE with 147 nm gap and 80◦

tilted angle is wider than that of the case with 87 nm gap and 30◦

tilted angle, as shown in Fig. 12(a) and (b); on the y–z plane, it
is obvious that the SCE structure with 87 nm gap and 30◦ tilted
angle has higher focus capability than the other one, as shown in
Fig. 13(a) and (b), respectively. From a view of current density
distribution on the anode, the SCE with 87 nm gap and 30◦ tilted
angle has a higher collected current and focus capability than
that of the SCE with 147 nm gap and 80◦ tilted angle, as shown
in Fig. 14(a) and (b). Compared to the SCE with 87 nm gap and
30◦ tilted angle, the strength of electric field in the SCE with 147
nm gap and 80◦ tilted angle is reduced by 17% and collected
current is reduced by 80.4%. SCEs with a larger tilted angle
have a stronger electric field, but more emitted electrons will
move downward against the anode. Thus, the collected current

Fig. 14. Current density distribution on the anode for the case of structure
with (a) 87 nm gap and 30◦ tilted angle and (b) 147 nm gap and 80◦ tilted angle.

TABLE II
LOSS (IN PERCENT) OF EMITTED CURRENT ENTERING IN THE OXIDE UNDER

DIFFERENT GEOMETRY DESIGNS

will be reduced. We know that the SCE with a wider gap width
absorbs fewer electrons from electrode due to the weak electric
field. Therefore, for better field emission efficiency and higher
focus capability, the separation width of gap varying from 57 to
117 nm and the tilted angle within 30◦–60◦ are suggested.

IV. DISCUSSIONS

The current conservation law tells us that the total emitted
current at the left electrode (Ie) is the sum of the current at the
right electrode (Id ), the current flowing to the substrate oxide
(Iox ), and the current collected by the anode (Ia). The substrate
oxide may be heated by Iox , because the entered electrons have
energies higher than the oxide conduction band edge. However,
since the mechanism of how the emission rate is affected is
unknown, we ignore the influence of these trajectories in the
present simulation. Taking into consideration the discrepancy
Ie − (Id + Ia), the efficiency turned out to be less than 50%,
i.e., we have more than 50% loss of emitted electrons due to
the trajectories. As shown in Fig. 4(a), since the electric flux
distribution of SCEs with 147 nm separation width and 10◦

tilted angle spreads widely and deeply into the oxide, most
of the emitted electrons must enter the oxide conduction band
along the electric flux lines. The efficiency turned out to be
degraded by 97% due to Iox . As shown in Fig. 5(b), since the
gap width is too narrow for the emitted electrons to enter into
the oxide, this suppresses the degradation of efficiency, which
results in 87% loss of Ie . As shown in Fig. 6(a), the SCEs with
27 nm separation width and 20◦ tilted angle reduce the electric
field, whereas the wider gap width results in wider distribution
of electric field into the oxide. We still have the 83% loss of Ie .
As shown in Fig. 7(a), the SCE with 87 nm separation width and
40◦ tilted angle exhibits larger electric field, and more electrons
are emitted due to larger tilted angle. For more emitted current,
the amounts of both Iox and Ia increase. Consequently, there is a
tradeoff between gap width and tilted angle, where the variation
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of Iox depends on the gap width and tilted angle, as indicated in
Table II.

V. CONCLUSION

In this study, a single nanogap in the Pd strip electrode of
a novel SCE structure by hydrogen absorption under high-
pressure treatment has been explored, where the field emission
efficiency has been optimized by varying the separation width
of gap and the tilted angle. The emitter with a small tilted an-
gle limits those emitted electrons to move upward to the anode
and reduces the collected current. Therefore, a fixed separa-
tion width of gap with a higher tilted angle has been examined.
The high electric field gathered around the emitter tip induces a
higher emission current. However, the high electric field around
the emitter tip attracts more emitted electrons and reduces the
collected current on the anode. On the other hand, a wide gap
between two electrodes of cathode decreases the electric field
and reduces the number of emitted electrons. Thus, a narrow
space between two electrodes has been used to increase the
electric field and emit a large number of electrons. The stronger
electric field between two electrodes attracts electrons and re-
duces the collected current. For better field emission efficiency,
the separation width of gap could be varied from 57 to 117 nm,
and the range of tilted angle is within 30◦–60◦ for the SED
under the specified bias condition. We are currently studying
the field emission property of the novel nanogap fabricated by
HE method with different material and morphology. Such in-
vestigation may produce higher emission current under lower
supply voltage, and thus, it will benefit high-performance SED
application. With regard to the current entering the oxide, we
will study it in our future work.
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