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A nanoscale metal/insulator tunne! transistor (MITT) with a channel length of only 16 nm is
fabricated by conventional photolithography, and its operation is experimentally studied. The
MITT consists of two metal electrodes, an insulating channel inserted laterally between these
two electrodes, and a third metal gate electrode formed upon the gate insulator above the insulat-
ing channel. The Fowler—Nordheim tunneling currents flowing from one metal electrode to the
other through the insulating channel are conirolled by applying a voltage to the gate electrode. It
is found that the MITT can be operated similarly to the semiconductor transistor, and the feas-
ibility of the nanoscale metal transistor is demonstrated. © 7999 American Institute of Physics.

[S0021-8979(99)05609-1]

I INTRODUCTION

The conventional metal/oxide/semiconductor field-effect
transistor (MOSFET) has physical and technological limits
for submicron fabrication.” Thus, a nanometer-scale transis-
tor operating by a new principle is strongly desired to realize
an even higher package density of ultralarge-scale integrated
(ULSI) circuits. As onc of the alternative candidates for
MOSFET, the metalfinsulator tunnel transistor (MITT),
which consists of a metal and an insulator without a semi-
conductor, has been proposed by our group in 1996.

The structure of MITT is schematically illustrated in Fig.
i. The dimensions described in Fig. 1 are used [or the simu-
lation described later. A nanometer-scale insulating region,
named the tunnel insulator of length around 15 nm, is formed
between the metal source and drain electrodes. fust above the
tunnel insulator, the gate electrode is formed upon the gate
insulator.

In the MITT, the Fowler—Nordheim (F-N) tunneling
currents’ flowing through the tunnel insulator can be con-
trolled by the gate voltage, just as in a conventional MOS-
FET, since the potential profile near the interface between
the metal source elecirode and the tunnel insulator is dis-
torted by the electric field from the gate electrode. This is
illustrated in Fig. 2, and a detailed explanation appears in the
reference.” The notations ¢ and Ep refer to the barrier
height and the Fermi energy, respectively.

When the gate electrode is positively biased toward the
source electrode, the potential profile at the source—insulator
interface is distorted to make the profile even sharper. It is
known that F-N tunneling currents are strongly affected by
the barrier width through which electrons have to pass. Thus,
the F—N tunneling currents can be increased by applying a
positive gate bias.

The advantages of MITT are as follows: (1) Since the
channel length can be reduced to around 15 nm using F-N
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tunneling currents and also since the metal electrodes are
directly connected to metal-signal lines, the MITT requires
only a nanoscale area for transistor action. (2) An e-ray soft
error and radiation damage do not occur at all, since the
MITT is made of metal and insulator without a semiconduc-
tor. (3) The MITT can be fabricated by a much simpler fab-
rication process than that of semiconductor devices because
the formation of the p-n region is not necessary. (4) High-
speed operation of the picosecond order is realized, since all
signal lines and the electrodes are made of metal, and the
drain currents aiso flow by wunneling phenomena. {5) The
insulating channel of MITT is about ten times more tolerable
in applying the electric field than the semiconductor channel
of MOSFET, since the insulator has about ten times larger
diclectric sirength than the semiconductor. This is useful for
nanoscale devices. (6} In the MITT, it is easy to fabricate
three-dimensional circuits by stacking two-dimensional ones,
since the MITT does not require the use of crystalline mate-
rials in the fabrication process.

Recently, a new technology using the tip of scanning
tunnel microscopy has been reported for the fabrication of
nanometer-scale devices.*> Snow er al.® succeeded in fabri-
cating the MITT by this technology, based on our previous
suggesti0n.2 Their work is useful in checking the fundamen-
tal physics in device operation. However, the technology
does not appear to be industrially acceptable. Thus, the fab-
rication of MITT by conventional technology such as photo-
lithography is strongly required.

The purpose of this study is to demonstrate the validity
of our proposal regarding the MITT through its fabrication
using industrially acceptable technology. The MITT with a
channel length of 16 nm is fabricated by conventional pho-
tolithography only and its operation is verified. The results
clearly demonstrate that the size of the transistor can be dras-
tically minimized to the ten-nanometer scale by using the
MITT instead of semiconductor transistors. Moreover, the
MITT can be fabricated by a simple method because the
formation of & p-n region is not necessary.
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FIG. 1. Schematic view of structure of MITT.

. RESULTS OF SIMULATION

The characteristics of MITT have been simulated based
on the dimensions described in Fig. 1 to confirm the feasi-
bility of this transistor. This has already been reported;” how-
ever, for convenience, typical resulis are briefly summarized
here. In this example, the MITT with a tunnel insulator of 15§
nm length and a gate insulator of 2 nm thickness is formed in
the metal-signal line of 5 nm thickness and 1 um width.

The transfer characteristics at room temperature are
shown in Fig. 3 for ¢p=0.6eV. The dielectric constants of
the gate insulator and the tunnel insulator are 3.9 and 5.0,
respectively.” When the gate voltage is smaller than 1.0 V,
the Schottky currents due to the electrons activated thermally
over the barrier height are dominant, since the potential pro-
file at the source—insulator interface is not sufficiently dis-
torted. When the gate voltage is larger than 1.0 V, the F-N
tunneling currents become dominant, since the potential pro-
file is sharply distorted.

When the barrier height is high, the tunpeling probability
is likely to decrease and both off and on currents decrease
based on the relatmn ]Wd)B exp(— 3’2) where j refers to
the drain currents.’ On the other hand, when the barrier
height is low, the F-N tunneling currents are likely to in-
crease, but the Schottky currents also increase at the same
time by following the relation jxexp(— (,bgeﬁ,/kn, where
¢, k and T refer to the effective barrier height for various

electric field intensities, Boltzmann’s constant and tempera-
ture, respectively. The effective barrier height includes the
Schottky barrier lowering due to the mirror effect at the
metal interface.” Therefore, the barrier height should be
properly chosen for the operation of MITT to suppress the

Insutator

FIG. 2. Energy band diagram of source/tunnel insulator/drain in the MITT.
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TABLE 1. The conditions for MITT fabrication.
RIE condition
Power of RIE 17.5 mWicm?
Flow rate of Cl, 9.0 scem
Flow rate of BCl, 1.0 scem
Gas pressure 1.0 Pa
Anodic oxidation
Temperature of electrolyte solution 25°C
pH of electrolyte solution 6.9

Schottky lcakage currents. When the barrier height between
the tunnel insulator and metal electrodes is 0.6 eV, the drain
currents can be controlled in the range from 107 tc 107% A
for the variation of gate voltage from 0 to 2 V, as shown in
Fig. 3.

. EXPERIMENTAL PROCEDURE
A. Selection of meta! and insulator

In the present experiment, titanium (Ti) is used for the
metal electrodes. Ti can adhere to the insulating substrates
such as quartz. Thus, the Ti film can withstand for the fab-
rication process of MITT. Additionally, since the evaporated
Ti film is flat in the nanoscale level, the tunnel insulator is
formed exactly over the gate electrode without making
pinholes.*

Titanium oxide (Ti0Ox), which is prepared by anodizing
Ti, and silicon nitride (8iNx) are used for the tunnel insulator
and the gate insulator, respectively. Since a barrier height as
low as 0.6 eV at the interface between the metal electrodes
and the tunnel insulator is required to operate the MITT, a
material which has a low barrier height at the interface of the
metal/metal-oxide insulator should be selected. The barrier
height of Ti/TiOx interface is sometimes lowered by the ex-
istence of TiO or TiyO; near the TV/TiO, interface. Actually,
Matsumoto ef al. succeeded in operating a single-electron
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FiG. 3. Calculated results of wransfer characteristics of MITT. Source-drain
current Iy, is shown as a function of gate voltage V, for the fixed source-
drain voltage Vg, of 2.0V,
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FIG. 4. Fabrication process of MITT.

transistor using the Ti/TiOx system® and confirmed that the
barrier height of the Ti/TiOx interface is lower than 1.0 eVt
Therefore, in the present work, the MITT is fabricated using
the low barrier height system of Ti/TiOx as the first step.

Other metals such as chromium and niobium (Nb),
which can also adhere to the insulating substrates, have a
barrier height lower than 1.0 eV at the interface of metal and
metal oxide. For example, Snow et af. fabricated MITT us-
ing the Nb/Nb-oxide system.’ The material suitable for
MITT is not optimized at the present time and the character-
istics of MITT can be improved by choosing or finding the
appropriate material.

The barrier height should be kept lower than 1.0 eV, and
also the device structure which has a trapezoidal tunnoel in-
sulator as illustrated in Fig. 1 is required to improve the
characteristics of MITT because of easier propagation of the
electric field from the gate. Moreover, the MITT as demon-
strated in Fig. 3 is expected (o operate faster than the con-
ventional MOSFET with the switching time of the picosec-
ond order because of the small floating capacitance of the
operation region. The transconductance (g,,) of MITT was
also estimated to be about I mS/um from a computer
simulation.” The value appears almost equivalent to that of
the conventional MOSFET. Therefore, the MITT is compa-
rable to the MOSFET.

B. Fabrication process

Figure 4 shows the fabrication process of the MITT us-
ing conventional photolithography. The MITT is fabricated
as follows:™® (1) A Ti gate electrode of 1 um width is
formed on an insulating substrate such as quartz and a gate
insulator of SiNx is deposited by chemical’ vapor
deposition.” {2} A Ti film is evaporated on the gate insulator
and the edge of the photoresist is aligned over the gate elec-
trode by photolithography. (3) The sidewall of Ti under the
photoresist is steeply cut by reactive ion etching using a
chlorine (Cly) and boron trichloride (BCly) mixture. (4} The
sidewall of Ti is anodized in ethyiene glycol containing am-
monium tetraborate. (5) A Ti film is evaporated again on
both the photoresist and the anodized TiOx (6) The Ti film
above the photoresist is removed by lift-off technology, and
finally the fabrication of MITT is completed.
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FiG. S. Relationship between ancdic voltage and TiOx thickness.

The detailed conditions for the fabrication of MITT are
summarized in Table 1. This fabrication process indicates the
possibility of fabricating nanoscale MITT by conventional
photolithography only.

C. Anodic oxidation

The tunnel insulator in MITT is formed by anodizing the
sidewall of Ti. Figure 5 demonstrates the relationship be-
tween anodic voltage and TiOx thickness. The thickness of
the TiOx layer grown on the surface of Ti film, as illustrated
in the inset, is measured by ellipsometry using the light of a
helium—neon laser. it is shown in Fig. 5 that the thickness of
TiOx is proportional to the anodic voltage, keeping the rela-
ttonship of 2.0 no/V. .

The relationship is evaluated from the thickness of TiOx
grown vertically on the Ti film. On the other hand, the TiOx
layer grown laterally by anodic oxidation at the sidewall of
Ti film is wvtilized as the tunnel insulator. Observations by
scanning electron microscopy also revealed that the thick-
ness of the TiOx grown laterally under the photoresist ex-
actly satisfies the same relationship of 2.0 nn/V. Therefore,
the length of the tunne! insulator can be controlled by the
anodic voltage.

Y. PROPERTIES OF METAL-OXIDE TUNNEL
INSULATOR

A. Current-voltage characteristics

According to computer simulation, the required resistiv-
ity of the tunnel insulator is larger than 107 {} cm to maintain
the off-state currents lower than the Schotiky leakage cur-
rents. Thus, the current—voltage (/- V) characteristics of the
Ti0x which is prepared in the metal-signal line by anodizing
the sidewall of Ti are demonstrated to confirm the feasibility
of TiOx as a tunnel insulator.

Figure 6 demonstrates the 7—V characteristics of the tun-
nel insulator at 90 and 300 K. The width and thickness of the
Ti line are 1 pm and 30 nrn, respectively, as shown in the
inset. The length of the tunnel insulator is estimated to be 16
nm from the anodic voltage of 8 V. It is observed that the

Copyright © 1999. All rights reserved.
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FIG. 6. I-V characteristics of the wnnel insulator.

resistivity is 3.4X 10’ & cm at 90 K. Thus, it is confirmed
that the tunnel insulator of 16 nm length, which is formed in
the metal-signal line, can be realized to keep the off-state
currents as low as the value estimated by the simulation.

B. Barrier height and tunneling characteristics

The barrier height between the metal electrodes and the
tunnel insulator is evaluated using the temperature depen-
dence of the leakage currents density, J,, flowing through
the tunnel insulator based on the relation iﬂg(.}})ﬂcwqbgmlkT
as mentioned earlier, if the Schottky currents are a dominant
part of the leakage currents and the Poole—Frenke! currents'?
are negligible. Figure 7 shows the temperature dependence
of the leakage current for various applied voltages V,’s for
the same sample as described in Fig. 6. The horizontal axis
refers to the reciprocal temperature and the vertical axis re-
fers to the leakage current through the tunnel insulator. The
plots lie exactly on straight lines, that is, it is confirmed that
only the Schottky currents arc domiinant. The slopes of the
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FIG. 7. Temperature dependence of the leakage current through the tunnel
insulator.
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FIG. 8. F-N plots of the tunnel insulator for the electric field of 2-4 MV/
cm.

plots correspond to ¢y /k. The barrier height ¢y is evalu-
ated to be 0.31 eV from the relation ¢p= gbﬁm+ vgFidre,

where ¢, F, and e refer to the charge of an electron, the
electric field intensity, and the permittivity, respectively.
This result indicates that the appropriate barrier height to
realize the high on-state currents of MITT is provided by the
present system and thae the increment of the leakage currents
at 300 K as shown in Fig. 6 can be explained as being due to
the barrier height as low as 0.31 eV,

Figure 8 demonstrates the F-N plots of the tunnel insu-
lator obtained from the results of /—V characteristics at 90
K. The horizontal axis refers to the reciprocal electric field
intensity of 2-4 MV/cm and the vertical axis refers to
Jen/F?, where Jp refers to the F-N tunneling current. The
plots of the F-N tunneling currents at such a low-
temperature region should become a straight line with a
negative gradient for ¢p /kT>1," since the F-N tunneling
currents are expressed by Jiy=AF2exp(—B/F),> where A
and A are constants. It is confirmed that the currents through
the tunnel insulator are the F~N tunneling currents. Thus, the
result Indicates that the F-N tunneling currents can ecasily
flow through the tunnel insulator by applying a low electric
field intensity ranging from 2 to 4 MV/cm, since the barrier
height is as low as .31 eV. '

From these results, it is found that the metal oxide
formed by anodic oxidation of metals is usable as the tunnel
insulator in the MITT.

¥. CHARACTERISTICS OF MITT AND DISCUSSION

The experimentally obtained transfer characteristics are
demonstrated in Fig. 9 at 90 K because the drain currents due
to the Poole—-Frenkel currents are negligible. The structure of
the transistor is shown in the inset. In this particular case, the
length of the tunnel insulator is 16 nm and the thickness of
the gate insulator is 38 nm.

In the experiment, the gate voltage changes from (.0 to
0.6 V while keeping the drain voltage at 0.5 V, since the gate

Copyright © 1999. All rights reserved.
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FIG. 9. Experimentally obtained transter characteristics of MITT at 90 K.

leakage currents from the drain to the gate electrode through
the gate insulator become detectable at a large drain voltage.

The drain currents are increased by increasing the gate
voltage. It is confirmed that the gate-leakage currents are at
least 1/10 of the drain currents and that the increment of the
gate-leakage currents does not affect the drain currents. The
drain currents are 10% times larger than that of the computer
simulation of the dimensions of the fabricated transistor, the
reason for which is not clear at the present time. According
to recent experiments, the drain cumrents are likely to de-
crease with a slight negative bias of V, . The potential profile
in the tunnel insulator might be slightly distorted by adding
the gate insulator on the TI/TiOx/Ti lateral metal—insulator—
metal diode. From the results, it is found that the switching
transistor is fabricated using only a metal and an insulator
and also using only conventional photolithography.

In the transfer characteristics, the variaticn of experi-
mentally obtained drain currents is smaller than that ex-
pected from the computer simulation, because the thickness
of the fabricated gate insulator is about 15 times that of the
gate insulator used in the computer simulation described in
Fig. 3. If the thickness of the fabricated gate insulator be-
comes 1/4, the on/off ratio is expected to become 10° times
larger than that of the present characteristics. Actually, a re-
cently fabricated MITT, the structure of which is slightly
different from that of the present case and the thickness of
gate insulator is only 10 nm, appears to operate more clearly.
The resuits will be published in the near future.

One may doubt that this variation of the drain current
occurs only by bending the band diagram of Ti0x, similar to
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the case of MOSFET. However, even when a strong negative
bias is applied, no evidence of accumulation can be seen, and
the drain currents apparently follow the F-N plots. Thus, the
validity of the main concept of MITT is confirmed by the
present experiments.

Vi. CONCLUSIONS
From the earlier studies, the following are concluded:

(1) Nanometer-scale metal transistors can be realized. The
size of the transistors can be drastically reduced to only
16 nm using the MITT instead of semiconductor transis-
tors.

(2) The MITT can be fabricated by a simple method because
the formation of the p-r region is not necessary, and its
operation is experimentally confirmed.

{3) The electrical characteristics of the tunnel insulator
formed by anodic oxidation of metals can be used for the
MITT.

These results demonstrate the feasibility of using the
present new device, MITT in future applications.
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