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A field emitter array (FEA) with a five-stacked gate electrode, that is, a quintuple-gated FEA with a
four-stacked electrode lens, was fabricated. The four-stacked electrode forms an einzel lens where the
second and third electrodes are connected through a contact hole. Because the electron velocity of the
einzel lens in a quintuple-gated FEA is smaller than that of the quadruple-gated FEA, the quintuple-gated
FEA has a stronger electron convergence. The slit sweeping method confirmed that a beam crossover is

formed for the quintuple-gated FEA.

A field emitter array (FEA) with a focusing electrode is an appealing device for electron
beam lithography,? high definition field emission displays,?) and image sensors.?) Previously,
the fabrication and characteristics of a double-gated FEA with two-stacked electrodes have
been reported.* © Double-gated FEAs can effectively generate a focused electron beams. How-
ever, one drawback to a double-gated FEA is drastic reduction in the emission current under
the focusing condition due to the decreased field enhancement at the emitter tip caused by
the low potential of the vicinal focusing electrode.?) Recently, we reported a volcano struc-
tured field emitter comprised of a focusing electrode located below the extraction gate (Gex)
electrode.”™®) This volcano structured FEA is the first to focus the electron beam without
significantly decreasing the emission current. However, some electrons still cannot penetrate
the potential barrier formed by the focusing electrode potential under a strong focusing con-
dition, and these electrons travel back to the Gex electrode. To overcome these issues, we have
developed a quadruple-gated (quad-gated) FEA with a three-stacked electrode electrostatic
lens.?) The first electrode (G1), which is near the Gex electrode, maintains the emitter tip,
and hence, requires a voltage greater than the Gex voltage. The second electrode (G2) focuses
the electron beam, and requires a voltage less than the Gex voltage. The third electrode (G3)
inhibits the formation of a potential barrier on the electron trajectory, and therefore, requires
a voltage greater than the G2 voltage. We applied the same voltage to G1 and G3, and the
three-stacked electrode consequently formed an einzel lens. Typically we applied 50, 100, and
100 V to Gex, G1 and G3, respectively, and changed the G2 voltage from 100 (nonfocusing

1/9



Submitted to Applied Physics Express

condition) to -30 V (focusing condition). The electron beam diameter decreased as the G2
voltage decreased, demonstrating that the electron beam was focused. Although the emission
current decreased gradually with the G2 voltage, the observed degradation was insignificant.
A G2 voltage less than -30 V should show improved focusing characteristics such as the forma-
tion of an electron beam crossover. However, the device broke when the voltage applied on G2
was less than -30 V. Therefore, the electron beam crossover is not formed in the quad-gated
FEA. If a beam crossover is formed for the FEA with a built-in einzel lens, then an extremely
tiny scanning electron microscope (SEM) using FEA can be realized. To form a crossover, a
more effective converging field must be formed. Therefore, in the present study, we added one
more gate electrode to the three-stacked electrode lens. The four-stacked electrode lens forms
in the region where the electron velocity becomes smaller than that of the three-stacked elec-
trode lens, and because the qui-potential lines penetrate toward the smaller electron velocity
region, a more effective converging field is formed.'?) Herein we describe the emission and
focusing characteristics of a quintuple-gated FEA with a four-stacked electrode lens. In our

7.9) the beam size was evaluated by the size of the bright spot excited by the

previous papers,
electron beam on a phosphor screen. However, the beam size could not be precisely estimated
because the bright area excited by the electron beam on a phosphor is blurred. Although the
knife-edge sweeping method is useful to measure the ion beam width,') the knife-edge is a
one-sided plate that easily attracts or repels the electron beam and consequently, changes the
electron beam trajectory. Therefore, we have developed a slit sweeping method to measure the
electron beam width. The slit sweeping method clearly shows that an electron beam crossover
was formed for a quintuple-gated field emitter.

Figure 1 depicts a cross-sectional SEM image of the quintuple-gated field emitter. The
fabrication process of the quintuple-gated FEA is similar to that of the quad-gated FEA.9 To
sufficiently decrease the electron velocity, G2 and G3 were connected through a contact hole;
hereafter we describe the second and third gates G2,3. The SiO, insulating layer between the
Si tip and Gex was 250 nm thick, while the other intermediate insulating layers were 350,
750, 750 and 350 nm thick from the bottom side. Although the intermediate insulating layer
was 500 nm in the quad-gated FEA, the thickness of the intermediate layer was increased to
further separate G1 and G3. Each gate electrode was composed of 100 nm thick niobium. The
electron emission and focusing characteristics were evaluated in an ultrahigh-vacuum chamber
at a pressure of 1 x 107 Pa.

Figure 2 shows the measurement system using a phosphor screen. The 1 kV anode phos-
phor screen bias was located 1 mm above the FEA substrate. The focusing characteristics,
which were the anode phosphor current and the diameter of the bright area excited by the
electron beam on the anode phosphor as functions of the G2,3 voltage, were measured under

the following conditions. The voltages of Gex, G1, and G4 were fixed at 50, 100, and 100 V,
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Fig. 1. Cross-sectional SEM image of a quintuple-gated field emitter.
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Fig. 2. Measurement system using a phosphor screen.
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respectively. The G2,3 voltage was changed from 100 (nonfocusing condition) to -10 V (fo-
cusing condition). Voltages for Gex and G1 were chosen to ensure a sufficient anode current

of several uA while observing the spot on the phosphor.
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Fig. 3. Schematic of the slit sweeping method to measure the electron beam width.

Figure 3 schematically depicts the slit weeping method that we developed to measure the
electron beam width. A tungsten carbide anode with a slit, which measured 40 ym wide and
10 mm long, was placed 1 mm above the quintuple-gated FEA. A Faraday cup was placed
behind the slit and the electron beam passing through the slit was collected by the Faraday
cup. The slit and Faraday cup were moved in one direction by a stepping motor at a speed
of 5 um/s. The beam width was evaluated using the beam current measured by the Faraday
cup downstream of the slit moving across the beam pass. To ensure that the anode current is
similar to the current used in an electron microscope (1nA), the voltages of Gex, G1, and G4
were fixed at 60, 60 and 60 V, respectively, while the G2,3 voltage was changed from 60 to
0 V. The voltages of the slit plate and Faraday cup were 1 kV and 100 V, respectively. The
devices used in Figs. 2 and 3 were single tip field emitters.

Figure 4 shows the anode and gate currents characteristics of the quintuple-gated FEA
with seven emitter tips. The potentials of the three-lens electrode were equal to that of the Gex
electrode, as schematically shown in the inset. The anode current started at a Gex voltage of

approximately 30 V, and an anode current of around 100 nA was obtained at a Gex voltage of
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Fig. 4. Anode and gate currents - extraction gate voltage characteristics for the quintuple-gated FEA

with seven emitter tips.

60 V. Therefore, the average emission current of each emitter tip was around 14 nA. Compared
to the total current entering the all gate electrodes for the quad-gated FEA, the gate current
of the quintuple-gated FEA was 10 % higher than that of the quad-gated FEA because more
electrons enter the gate electrodes in the nonfocusing condition for the quintuple-gated FEA,
which has a larger lens size than the quad-gated FEA.

Figure 5 depicts the beam spots measured from phosphor screen images for the quintuple-
gated field emitter as well as the phosphor images at G2,3 = 100, 10, and -10 V. For compar-
ison, the beam spots for the quad-gated field emitter are also shown. The characteristics were
obtained for a single tip quintuple-gated field emitter and single tip quad-gated field emitter.

Because both field emitters have different anode currents, the beam sizes cannot be directly
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Fig. 5. Beam spots measured from phosphor screen images for a single tip quintuple-gated field
emitter (FE) and a single tip quad-gated field emitter. Solid and dashed lines are the least square
estimation for the quintuple-gated field emitter and the quad-gated field emitter, respectively.

compared. For the quintuple-gated field emitter, the beam spot decreased as the G2,3 voltage
decreased from 100 to 10 V, but then the beam spot increased as the G2,3 voltage went from
10 to -10 V. On the other hand, the beam spot monotonously decreased as the G2 voltage
decreased from 100 to -30 V for the quad-gated field emitter. These results suggest that the
quintuple-gated field emitter has a more effective converging field and that beam crossover
forms for the quintuple-gated field emitter. These observations indicate that forming a region
with a smaller electron velocity is useful in creating a more effective converging field.

Figure 6 shows the electron beam widths at three G2,3 voltages (60, 5, and 0 V) measured
by the slit sweeping method. Although the current peak was not clearly observed at a G2,3
voltage of 60 V, the peak was maximized at a G2,3 voltage of 5 V. As the G2,3 voltage
decreased from 5 to 0 V, the peak height decreased, but the width increased, indicating a

beam crossover is formed between the anode and the field emitter. Because field emitter and
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Fig. 6. Electron beam widths at three G2,3 voltages (60, 5, and 0 V) measured by the slit sweeping
method for a single tip quintuple-gated field emitter. Top width of the peak is around 40 pm.

slit anode are 1 mm apart and the crossover is formed immediately in front of the field emitter,
this slit sweeping method cannot measure the exact size of the beam crossover. However, the
flat shape with about 40 um width at the center of the peak suggests that the width of the
beam crossover is less than the slit width of 40 pum.

In conclusion, we have successfully fabricated a quintuple-gated FEA with a four-stacked
electrode lens. Although the quintuple-gated FEA and quad-gated FEA are fabricated using
similar processes, the electron convergence for the quintuple-gated field emitter is stronger
than that of the quad-gated field emitter. Additionally, the slit sweeping method that we
developed confirmed the quintuple-gated field emitter is the first micro-field emitter to form

a beam crossover.
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