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Three-Terminal Silicon Esaki Tunneling Device
Junji KOGA and Aki,ra TORIUMI
ULSI Research Laboratories, Toshiba Corporation
L, Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan

Negative differential conductance based on lateral band-to-band tunneling is demonstrated for the first
time in a thre+terminal Si Esaki tunneling device. The device is fabricated with the current Si ULSI
process, taking ca,re of the gate edge region to reduce the bxcess tumeling cu[etrt that flows over some
intermediate stateB. It ie observed that the forwa,rd biased band-to-band tunneling orrrent ie la,rgely
controlled by the gate bias which modulates the tunneling barrier width. the three-teiminal Si Esaki
firnnsling device will be a promising firnctional device candidate as the post-CMOS devices in future Si

ULSI
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Motivation

Device Structure

The Si STT structure differs from a conventional
MOSFET only in that the doping of the source
region is opposite to that of the drain region, as
illustrated in Fig. L. The operation principle of
this tunneling device is the same as that of the
Esaki diode [1]. When a positive gate bias is applied to induce a two-dimensional electron gas (n+
channel) in the surface of a p-type Si substrate,
the tunneling barrier is formed in the system of
the n+ channel/p* drain junction. It is expected
that the device will display the NDC characteristics at a forward drain bias, as the Esaki diode
does. The tunneling current varies with the gate
bias condition, because the surface electron densitg
or the tunneling barrier, is controlled by the gate
bias. On the other hand, conventional p-n junction
characteristics appear at the 6(off" gate bias, where
no current flows at the low drain biases. Therefore, the three-terminal Si tunneling device inherently has the fu:rctions of both the gate-controlled
Esaki diode and a simple switching element below
a drain bias of 0.5 V. Also, it shouid be noted that
the punch-through, which is uqavoidabte in conventional MOSFETs, is not present in the STT struc-

Low-power, high-speed and multi-functionality
are key factors towards the future Si ULSIs. RecentlS the physical limitations of Si MOSFETs
have been discussed as the device dimensions are
scaled down to 0.1 pm and below. Therefore, novel
Si devices which operate normally in ultra-small
structures are needed to construct the future ULSIs with feature sizes of less than 0.1 pm. Negative differential conductance (NDC) devices based
on forward biased interband tunneling have been
investigated because of the versatile functionality
[1].

The objective of this paper is to report the first
experimental observation of the NDC characteristics in a three-terminal Si Esaki tunneling device,
in which the active device length is less than 0.01pm. To our knowledge, the structure of the threeterminal tunneling device wa.s originally studied for
the sub-band spectroscopy by J. J. Quinn et al. [2],
named a surface tunnel transistor (STT) by T. Uemura et al. who have shown the NDC characteristics in the compound semiconductor heterostructure [3]. However, considering that the silicon is
the industry standard for electronic devices, further device applications can be expected utilizing
Si tunneling devices. Physically the silicon is more
attractive due to higher density of states in tunneling. Therefore, we focused on the lateral band-toband tunneling in the Si STT structure under the
forward bias condition.

ture.

3

Fabrication

The key point of the fabrication process in our
device was to take care of the gate edge region
in terms of the following items: (i) the field oxide edge, (ii) the field ion-implantation, and (iii)
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Figure 2: Negative differential conductance
at 80 K in Si STT structure. Gate length
is 0.6 pm and gate width is b pm. Oxide
thickness is 5 nm. It is observed that the
current is largely controlled by the gate bias.

tion after the gate patterning. It was followed by
ion-implantation for creating the p+/r+ regions to
achieve the sudden profiles. The ion-implantation
condition for the p+ region was at an energy of
60 keV and a dose of b x 1015 cm-2. The ion_
implantation condition for the n+ region was at an
energy of 30 keV and a dose of 2 x 1015 cm-2. The
annealing conditions for the p+/n+ impurity activation were at 800 oc for B0 min. The final junction
depths of the p+ and n+ regions were calculated to
be 0.15 pm and 0.L pm by the device simulation,
respectively. It was confirmed that the leakage current between the adjacent devices is negligible in
spite of the thin field oxide layer.

Drain Voltage
Drain
Figure 1: Schematic view of three-terminal
Si Esaki tunneling device structure and its
characteristics predicted by a simple tunneling model.

the gate RIE. A severe mechanical stress around
the LOCOS field oxide edge is considered to result in a large amount of defect generation. The
defects work as intermediate states, which significantly increase the excess tunneling current and
degrade the NDC characteristics [4]. In fact, the
NDC characteristics were not observed. in the si
tunneling devices which we fabricated with the con-

4

Results and Discussions
we have clearly observed the NDC characteristics at 80 K at a gate bias of B.b V in the Si STT
structure, as shown in Fig. 2. The gate length and
width are 0.6 pm a,nd 5 pm, respectively. The ef_
fective gate length is estimated to be nearly 0.4
Fn, considering the lateral impurity diffusion in
the source/drain regions. The current modulated

ventional Locos isolation process. Furthermore,
the removal of the defects induced during the process of (ii) and (iii) is very important to improve
the NDC characteristics.
The device was fabricated on a p-type (100) Si
wa,fer. The substrate impurity concentration was
about 3 x 1015 cm-'. The field oxide thickness was
25 nm which was formed by dry oxidation at ZbO
"c. There was no field ion-imprantation for creating a p- layer underneath the field oxide. The gate
oxide layer of 5 nm was formed on the si surface
to induce many electrons by the low gate biases.
The gate RIE defects were relaxed by dry oxida-

by the gate bias was weakly dependent on the temperature, which confirms that the current results
from tunneling. The pealc-to-valley ratio was r-.b
a-nd the peak current density was nearly 20 nAlp,m
that corresponds to Z0 Alcm2, assuming that the
effective depth of the tunneling junction is about
0.1- pm. The peak current density is quite a rea_
sonable value, compared to the previous experimental work on the si Esaki diode [a]. It is expected
that higher peak current density will be obtained
29

by achieving more abrupt p+ doping profiIe.
This is the first demonstration of the Esaki tunneling effect in the three-terminal Si tunneling device. The "off" current at the gate bias of 0 V was
smaller than L pAl p,m at the drain bias of 0.3 V,
where the peak current appears at a gate bias of 3.5
V, indicating a great controllability of the tunneling current. This tunneling current was obtained
at drain bias lower than 0.5 V, which significantly
reduces the power-supply voltage of the device operation. Moreover, the physical length of the device
can be reduced dramatically, because the tunneling
distance controlled by the gate bias is less than 0.01
;^lm. In such an ultra-small device structure, a large
transconductance can be obtained with only a very
low capacitance. Therefore, the three-terminal Si
tunneling device is a promising candidate for the
low-power, high-speed and multi-functional devices
in the sub-0.1 pm Si ULSI.

Vg〓 0〜

T〓

3.5V

80K

コ０
﹇くＥ︼ ２﹄
0

Figure 3 shows the dependence of the tunneling
characteristics on the gate bias, where the base current level is shifbed for clarity. The gate voltages
are varied from 0 V to 3.5 V in 0.1- V steps. The
"hump" current begins to be observed at the gate
bias of '..' 2 Y, which is interpreted as the bandto-band tunneling current. The band-to-band tunneling current becomes signifi.cant with increasing
gate bias and brings about the NDC characteristics
above "-, 3 V.
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Figlre 3: Dependence of tunneling charac―
te五 stics on gate bias.The base current level

is shifted fbr clttity. Gate voltages are vttied

from O V t0 3.5 V in O.l V steps.

5 (Oonclusion
Negative difFerential conductaIIlce based on the

Esaki tunneling erect has been demonstrated for
the■ rst tilne in a three― terIIllnJ[Si tunneling de―
vice. This inctional device will be more robust

The induced electron density in the surface inversion layer at the gate bias of 3.5 V was estimated
to be 1.8 x 1013 cm-2 from the channel capacitance
measurement. It corresponds to 5 x 1919
itt
n* concentration, assuming that the inversion layer
width is 3 nm [5]. Hence, the depletion layer width
of the tunneling junction was calculated to be 0.007
pm, using the p+ impurity concentration of 5 x 1019
cm-3 from the simulation results. This value is very
reasonable as a tunneling distance.

than the recent quanturrl erect devices and become
versatile and proIIlising as′ the post―

.--3

CMOS devices

in the sub‑0.l μm Si ULSI.
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