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A nanometetransistoy metal/insulato tunné transisto (MITT ), which consiss of only metd and
insulato is experimentall studied In the MITT, the Fowler—Nordhem tunnelirg currens through
an insulata in laterd metal/insulator/metastructue are controlled by changimg avoltage at a gate
electroa upon the middle insulator due to variation of tunnel-barrie thicknes at the insulator It

is demonstrate tha the MITT with 16 nm channé lengh fabricatel by conventional
photolithograpl can operaé similarly to the conventionh metal/oxide/semiconduatdield-effect
transisto with on/off ratio of currert large than 10°. The resut indicates that the MITT is a
promisirg candidag for future switching transistos in ultralarge scak integratel circuits © 1999
American Institute of Physics [S0003-695(99)04921-9

Improvemend of ultralarge scak integrat@ circuits
(ULSI) performane hawe been achievel by reducirg ascale
of eat discree transistos containel in ULSI by following
the Dennad scalig rule! However the metal/oxide/
semiconductofield-effed transiste (MOSFET) with submi-
cron scak has physica limits for reduction due to both the
short-channleeffed ard the existene of dispensatd area for
metd contacs at source/drai electrodesln addition aran-
dom location of dopart within a channé of transisto may
bring to alimit for controlling the transiste operation To
overcone thes limits and to realize even smalle transistors,
anew devie with asize of nanometersoperatirg by a novel
principle is expected.

A type of tunné effed transistos utilizing the Fowler—
Nordhem (F—N) tunnelirg currents the metal/insulato tun-
nd transisto (MITT), has been proposéd by our growp in
19967 ard its feasibility is experimentalf checkel by Snow
et al.® ard our group?® In the MITT, the drain currens by
F—N tunnelirg through an insulating channé are controlled
by applying agat voltage The principle is basel on chang-
ing the transmissia probability of the F-N tunnelirg by
changimg the potentia profile or the potentid thicknes of the
insulato nea a metd electrode This letter is to demonstrate
tha the MITT with 16 nm channélength is fabricatel by the
convention& photolithograpl and tha it cen be operated
equivalenty to MOSFET.

The MITT is schematicall illustrated in Fig. 1. The
structue of MITT consistig of only metd ard insulata is
similar to tha of the conventiona MOSFET. The insulating
region (tunné insulatoy with a nanometelengh L, instead
of semiconducto channé in MOSFET, is lateraly formed
betwe& metd soure ard drain electrodes The gatk elec-
trode is prepare over atunné insulato throuch agat insu-
lator. The typicd advantage of MITT are summarizd as
follows: (1) A size of MITT can be minimized to nanoscale,
since the channé lengh can be nanosca armd a space
for metal-semiconductoohmic contacs can be eliminated.
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(2) The MITT can be fabricatel by much simple fabrication
processethan those of semiconductodevices since the for-
mation of p-n region is not necessary(3) High speel opera-
tion of the orde of picosecondis expected, since all signal
lines ard electrods are mack of metal and the drain currents
are flown by tunnelig phenomena (4) Since single-
crystallire metd and insulata are not required in the MITT,
the three-dimensiorlamultilayer circuits can be easily fabri-
catel by stackirg mary two-dimensionhkcircuits of MITT.
(5) The operatim of the MITT is nat influencal from the
randam location of dopant but depem on only the lengh of
channel.

The potentid profile acros the metd source/tunnel-
insulator/meth drain of MITT is illustrated in Fig. 2. The
notation¢g ard E refer to the barrig height and the Fermi
energy respectively When the gat electroe is positively
biasal towad the soure@ electrode the potentid profile at
the source/insulatointerfae is distorted to make the effec-
tive barrig thicknes even thinne as shown in Fig. 2. On the
othe hand when the gak electroc is negativey biased the
effective barrig thicknes becoms thicker. It is known that
the F-N tunnelirg currens are strongly affected by the ef-
fective barrig thicknes through which electrors hawe to
pass Therefore the F—N tunnelirg currens can be con-
trolled throudh the chang of effective barrig thicknes by
applying agat voltage.

Moreover the F—N tunnelirg currens are also changed
exponentialy by the variation of barrie height ¢5. When
¢g islarge on-staé currens of MITT becoms small How-
ever, when ¢g is small the Schottky currens due to the
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FIG. 1. Schemat diagran of the structue of a metal/insulato tunnd tran-
sistor.
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FIG. 2. Schemat view of the potentid profile acros the source/tunnel
insulator/dram of the MITT.

therma activatian of electrors over the barrig are not neg-
ligible. The Schottly currens are regarde as anoise in the
MITT, becaus it canna be controlled by the gae voltage.
From our previows theoretich study? it is found tha the
optimum barrie heigh shout be arourd 0.6 eV for the op-
eratian of the MITT at room temperature.

The MITT with 16 nm channé lengh is fabricata by
following processs demonstrate in Fig. 3. In the fabrica-
tion processthe conventiona photolithograpl is used for
patterning (1) A n-type Si substrat is usel for gak elec-
trode ard the gat insulata SiO, is formed by thermd oxi-
dation (2) A Ti film is evaporatd on the gak insulata and
a side of the photoresisis aligned over the gatke insulata by
photolithography (3) The sidewal of Ti unde the photore-
sig is steepy cut by the reactiwe ion etchirg (RIE) using
chlorine (Cl,) ard boran trichloride (BCl3) as mixture (4)
Thetunnd insulata of TiO, isformed by anodizirg the side-
wall of Ti in ethyleneglycb dissolvel ammonium-—
tetraboratelt is found from our previows experimens that
the thicknes of TiO, is proportion4 to the anodt voltage
with a relation of 20 nm/V8 (5) A Ti film is evaporated
again on both the photoresisand the anodizel TiO,. (6) A
Ti film over the photoresisis removal by lift-of f technol-
ogy, ard the fabricatian is completed.

Figure 4 demonstratethe F-N plots obtainal at 90 K
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FIG. 3. Fabricatim proces of the MITT structure.
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FIG. 4. Fowler—Nordhem plots of the Ti/TiO, /Ti diode.

from the currents-voltag characteristis of the lateral
Ti/TiO,/Ti structue fabricatal on the quartz substrate The
width and thicknes of the Ti line are 1 um and 30 nm,
respectively The lengh of TiO, is estimate to be 16 nm
from the abowe relation of 2.0 nm/V. Experimentadat and
the theoreticaresuls are demonstratg by open circles ard a
solid line, respectively The theoreticéline is drawn by fol-
lowing the relation of temperatue dependene of F—N tun-
neling currents’ By using such arelation, ¢ is evaluated
from the fitting parametersThe ¢g is evaluate as abou 0.3
eV. The barrig heigh can be also estimatel from tempera-
ture dependene of the Schottly currents> And the value
from the Schottlky currensis also 0.3 €V ard in goad agree-
mert with tha from the tunnelirg currents The barrier
heiglt affed on both on-stae currens and the noise of MITT
as mention@ above According to the predictian of our pre-
vious theoretich studies>* the high on-staé currens of
MITT is expectd unde the suppressio of the Schottky cur-
rents when it is operate at 90 K.

The experimentalf obtainal transfe characteristis at
90 K are demonstrate in Fig. 5. In the MITT, the width and
thicknes of the Ti line are 1 um and 30 nm, respectively.
The lengh L of tunné insulata is 16 nm and the thickness
dy of a SiO, gae insulata is 10 nm. The figure shows that
the source-drai currens (I 49 are controlled from 10712 to
10~ " A by the gae voltage (V) from —4to +4 V. When V,
is smalle than —2.0 V, the F—N tunnelirg currens are sup-
pressd by the negatie gae bias as illustrated in Fig. 2. On
the other hand when V is large than 2.0V, it is confirmed
from the F—N plots of the drain currens tha the F-N tun-
neling currens are dominant The saturatia of the drain cur-
rents for large gak voltage is due to the saturatiom of the
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FIG. 5. Transfe characteristis of MITT.
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chang of gate-electi field nea soure electrodelt is con-
firmed tha the gate-leakag currens of the orde of picoam-
peres are negligibkein | 4. | 4sare clearly increase by chang-
ing the gatke voltage in the ordess of 10° enoudh to transfer
the signd in the logic circuits.

In the presem study, the MITT is operatiny at 90 K. If
¢g Ccan be increasd nea to 0.6 eV, the room temperature
operatimm would be expectd due to the suppressio of
Schottly currents The seart of othe materias apat from
Ti/TiO, systen or the contrd of the metal/methoxide inter-
face is surel importart for future progress.

It is concludel tha the operatian of MITT is similar to
tha of conventionh MOSFET, ard tha the MITT is the
promisirg candida¢ for the switching transiste in future
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ULSI becaus of eay fabrication proces using the conven-
tiond photolithography.
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