Journal of the Korean Vacuum Society
Vol. 2, No. 3, September 1993, pp. 325-330

(A8

Emission Characteristics of MOS Electron Tunneling Cathode
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Abstract — Si-gate MOS electron tunneling cathode was fabricated and its emission characteristics
were examined. The emission occurred from an entire gate area by electron tunneling through
the potential barrier in the MOS diode and was stable in the Si-gate diode. The energy distribution
of emitted electrons was measured and was confirmed to be mainly determined by the scattering
process of hot electrons in the oxide and gate. The emission current from the tunneling cathode

was nearly independent of pressure.
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1. Introduction

An electron tunneling emission cathode has the
potential for high current density and pressure in-
sensitivity of emission current and is a flat cathode
in contrast with a field emission cathode. Due to
these advantages, the tunneling cathode is a power-
ful candidate as a fine cathode for vacuum microe-
lectronic devices.

We have fabricated an Al-gate and amorphous
Si-gate MOS electron tunneling cathodes and have
examined the emission characteristics. The emis-
sion current was given by the Fowler and Nor-
dheim equation and the transfer ratio, i.e., the ratio
of the emission current to the total current flowing
through the MOS diodel, was 0.7%. The emission
current was very stable in the Si-gate MOS ca-
thode, in contrast with the Al-gate cathode. In addi-
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tion, the current was nearly independent of pres-
sure ranging from 10 * to 10 !torr.

2. Fabrication of MOS Tunneling Cathode

Fig. 1 shows the energy band diagram of the
MOS electron tunneling cathode. When a voltage
exceeding the work function of the metal electrode
is applied, electrons tunnel through the potential
barrier between the semiconductr and oxide, after
they are accelerated by the applied electric field
in the oxide, pass through the gate metal and fina-
lly some of them are emitted into vacuum.

Fig. 2 shows a schematic drawing of the Si-gate
MOS cathode. An n-type Si wafer with a dopant
concentration of 1X10"em * was oxidized to form
thick SiO. by wet oxidation. After patterning the
gate area, the Si surface was oxidized in dry O..
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Fig. 1. Energy diagram of a MOS electron tunneling
cathode.

Fig. 2. Schematic drawing of a MOS tunneling ca-
thode with a honeycomb structure.

The resultant oxide thickness of the gate area was
determined to be 4~20nm by ellipsometry and
C-V measurements. An ultrathin Al-gate and an
amorphous Si-gate with a thickness of 6~30nm
were deposited on the gate oxide by using ion ene-
rgy-controlled bias sputtering method and low pre-
ssure chemical vapor deposition (LPCVD) of Si, re-
spectively. Finally, Al electrodes were deposited on
both sides by usual vacuum evaporation.

The paper presents experimental results obtained
only from single MOS diodes with a gate size of
0.5 mm square to characterize reproducibility and
stability of the cathodes. The experimental values
of diode current agree well with the tunneling cur-
rent calculated by the Wentzel-Kramers-Brillouin
(WKB) approximation[1]. In addition, the current
density-electric field intensity characteristics of tes-
ted diodes with different sizes and oxide thicknes-
ses could be normalized to nearly the same trace,
suggesting that the tunneling current flows unifor-
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Fig. 3. Diode and emission currents of a MOS tunne-

ling cathode as a function of gate voltage (a)
and its Fowler-Nordheim plots (b).

mly through the entire gate area of the diodes.

3. Emission Characteristics of MOS
Cathode

Fig. 3(a) and (b) show the typical diode and emi-
ssion currents of the cathode with an Al-gate thick-
ness of 6 nm measured at a pressure of 107 °torr,
as a function of gate voltage and its Fowler-Nord-
heim plots, respectively. Both the currents have an
exponentially increasing form, indicating that emis-
sion also occurs from the entire gate area by the
electron tunneling through the potential barrier in
the MOS diode. The transfer ratio a was about
0.7%, which is considerably higher than that of
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Fig. 4. Time dependence of the diode and emission
currents of an amorphous Si-gate and an
Al-gate MOS cathodes for a constant gate vol-

tage,

10-1 T T T T T T T T 1

12 S0z __:4.8[nm 3
= Si GATE : 30[nm]
— 10-6 .!
E I piope _ ~ !
(LIE 10~5p CURRENT EMISSI?# 1
T 107 CUHTE ]
8 107 1
10t 1
% 107 1
= 1n-10
E:E_" = ¢ m:4.07 -_:

10‘.12 /\AA il / L L 5 L

0 1 2 3 4 5 6 7 8 9 10

GATE VOLTAGE [V]

Fig. 5. Typical diode emission currents of a Si-gate
MOS cathode as a function of gate voltage.

MIM at high field and resulted in rapid reduction
in emission current. Fig. 4 shows time dependence
of the diode and emission currents of an Al-gate
MOS cathode for a constant gate voltage comparing
with that of an amorphous Si-gate cathode. Both
the currents are very stable in a Si-gate cathode.
Hereafter, we describe the emission characteristics
of Si-gate cathodes.

Fig. 5 shows a typical characteristic of the ca-
thode and emission currents for the diode with a
Si-gate thickness of 4.9 nm and gate oxide thickness
of 30 nm as a function of gate voltage. The emission
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Fig. 6. Diode and emission currents for several catho-
des with different thicknesses of Si-gate, as
a function of gate voltage.
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Fig. 7. Transfer ratios for Si-gate MOS cathodes with

different oxide thicknesses and an Al-gate ca-
thode, as a function of gate thickness.

occurred at nearly 4 V corresponding to the work
function of Si-gate. The current saturation belongs
to the series resistance effect in the thin Si-gate,
which is clearly shown in Fig. 6. The figure shows
the diode and emission currents for several catho-
des with different thicknesses of Si-gate as a func-
tion of gate voltage. The currents of thinner diode
saturate at lower gate voltage. Fig. 7 shows the
transfer ratios for several cathodes with different
thicknesses of the gate oxide, as a function of the
thickness of Si-gate. Thickness dependence of the
Al-gate is also shown in the figure. The effecitive
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Transfer ratios for several Si-gate cathodes
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function of gate voltage.
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mean free paths of hot electrons were evaluated
as 44 nm in the Si-gate and 2.8 nm in the Al-gate,
respectively. A Si is better as a gate material in
MOS tunneling cathode than an Al, because longer
mean free path of electrons in a gate provides hi-
gher transfer ratio for electron emission. However,
when we extrapolate the slopes in the figure, the
intersections at the gate thickness of zero do not
reach unity and are a few % in the Si-gate and
less in the Al-gate, respectively.

The experimental results show that a substantial
role in the charge transport through thee oxide la-
yer 1s played by the scattering process in the gate
oxide. Fig. 8 shows the transfer ratios for several
cathodes with different oxide thicknesses and a Si-
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Fig. 9. Energy distribution of emitted electrons for Si- gate cathodes with oxide thicknesses of 4.9 nm (a), 6.5 nm

(b), 10.8 nm (c), and 16.3 nm (d).
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Fig. 10. New structure of electron tunneling cathode
constructed with 4 thin layers.
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Fig. 11. Pressure dependence of emission current for
a Si-gate MOS cathode.

gate thickness of 30 nm, as a function of gate vol-
tage. Thinner in the gate oxide is higher in the
transfer ratio for very thin gate oxide cathodes, but
they become nearly same for relatively thick oxide
cathodes at high field suggesting that the scattering
process of hot electrons in the conduction band of
the oxide is remarkable and makes a steady state
energy distribution of electrons after traveling th-
rough the conduction band of the oxide.

We measured the energy distributions of emitted
electrons to investigate above speculation. Fig. 9(a)
to (d) show the energy distributions of electrons
for the cathodes with respective oxide thicknesses

of 49nm to 163 nm. Half width of electron energy
hecomes wider corresponding to the gate voltage
for thin gate oxide cathodes, as shown in Fig. 9(a)
and (b). However, the half width becomes nearly
constant for thick oxide cathodes above the oxide
thickness of 10 nm, as shown the Fig. 9(c¢) and (d),
and their absolute values are smaller than that of
the thinner oxide cathode, shown in Fig. 9(b). The
experimental results clearly support the previous
speculation.

Following these experimental results, we propo-
sed a new structure of tunneling cathode to inc-
rease the transfer ratio and to reduce the energy
spread of emitted electrons. Fig. 10 shows an ener-
gy band diagram of the proposed cathode with 4th
layers. Electrons tunnel directly through the oxide
potential barrier without scattering, after which
they are accelerated in the depletion layer of non-
doped Si film, pass through a metal-gate or a Si-
gate, and finally they are emitted into vacuum.

Additionally, we investigated pressure depende-
nce of the emission current for the Si-gate MOS
cathodes and confirmed that the emission current
was nearly indenpendent of pressure and occurred
even at atmospheric pressure. Fig. 11 shows the
changes of the diode and emission currents by the
pressure change. In the first place, the emission
current was measured at the atmospheric pressure
in a vacuum chamber. When the chamber was pu-
mped down by a rotary and turbo-molecular pump
system, several tenth seconds later, the pressure
in the chamber may be several torr of several tenth
torr, the emission current increased rapidly one or-
der of magnitude and was nearly constant afterwa-
rds. The results clearly show that the electron emi-
ssion from a tunneling cathode is nearly indepen-
dent of pressure.

4. Conclusion

Electron emission due to electron tunneling th-
rugh the potential barrier in a MOS diode was in-
vestigated. The emission current is 0.7% of the total
current flowing through the MOS diode and is cor-
related strongly with the scattering process of hot
electrons in the oxide and gate. The emission cur-
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rent was stable in an amorphous Si-gate MOS ca-
thode in contrast with an Al-gate cathode and was
nearly independent of pressure over a range from
10 * to 10 '"torr. Following the experimental resu-
Its, a new structure of tunneling cathode is propo-
sed to increase the tansfer ratio and to reduce the
energy spread of emitted electrons.
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