Room temperature operation of a single electron transistor made
by the scanning tunneling microscope nanooxidation process
for the TiO ,/Ti system
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The single electron transist@ET) is fabricated using the scanning tunneling microsd@¥EM) as

a fabrication process, and the fabricated SET operates at room temperature. Using the STM tip as
a cathode, the surface of the titanium metal can be oxidized, and the few tens of nanometer wide
oxidized titanium line can be made. The small island region of the SET36# ~35 nnt is formed

by the oxidized titanium line. The Coulomb staircase of 150 mV period is observed in the current—
voltage characteristics of the SET at room temperature.1996 American Institute of Physics.
[S0003-695(96)00101-7

Recently, a single electron transist®ET) is considered are formed by depositing Ti/Au pad metal, and at the back-
to be a candidate for an element of a future low power, higtside of then-Si substrate, the gate ohmic contact is formed
density integrated circuit because of a possible ultralowby depositing the aluminum metal. At the center region of
power operation with a few electrons. For the practical apthe Ti layer the island region is formed, which is surrounded
plication it is indispensable for the SET to be operated aby the two parallel narrow TiQlines that will work as tun-
room temperature. For this purpose, the size of the island aieling junctions for the SET and the two large JiBarrier
SET must be as small as10 nm to reduce the total capaci- regions as shown in Fig. 3, which is an atomic force micros-
tance of SET and to overcome the problems of the thermatopy (AFM) image of the island region of the fabricated
fluctuation. However, the size 810 nm is out of the range SET. These TiQlines and the large TiQbarrier regions are
of the present conventional microfabrication process. Theremade by the STM nano-oxidation process.
fore, instead of using an artificial pattern formation method, ~ The typical size of the TiQline is 15-25 nm wide times
the self-organized small size structure such as a thin polysili30—50 nm long. The island size is 30—50 nm times 35-50
con film was used for the small island and the room temperadm. The most important feature of this structure is that the
ture operation of the single electron memory was realized.tunnel junction area that corresponds to the cross section of
However, the controllability of the size and the structure ofthe TiQ line is as small as 2-3 nithe thickness of the Ti
the island of the SET is quite difficult in such spontaneoudayen times 30-50 nm(the length of the TiQ line). The
size formation method. deposited Ti layer is as thin as 3 nm, and the surface of the Ti

In this letter, we present the fabrication of an SET usinglaYer is spontaneously oxidized aboul nm. Therefore, the
a new artificial pattern formation method based on the scantrinsic Ti layer thickness is considered to be less than 3 nm.
ning tunneling microscopéSTM) nano-oxidation process OWINg to this small tunneling junction area, the tunr_mel ca-
for the first time, which we establishédhe SET operates at Pacitance becomes as small as the order of'1@, which
room temperature, showing a clear Coulomb staircase dfads the SET to be operated at room temperature as will be
~150 mV period even at 300 K. shown in the following. o _

The principle of the STM nano-oxidation proc&3ss The current—voltage characteristics of the single electron
shown in Fig. 1. A 3 nm thin titaniun(iTi) metal is deposited
by the evaporation on the thermally oxidized $i@00 nn)/
n-Si substrate. The Ti surface was oxidized by anodization Pt STM Tip
using the STM tip as a cathode through the water that ad-

hered to the surface of Ti from the atmosphere, and the oxi- H,0
dized titanium(TiO,) line of nanometer size was formed.
The barrier height of the Ti@Ti is found to be 285 meV for TiOx

the electron from the temperature dependence of the cuirent.
The relative permittivity of the TiQis found to bee, =24
from the electric field dependence of the TiMarrier
height* Using the TiQ/Ti system, SET is fabricated. n-Si Sub.

Figure 2 shows the schematic illustration of the SET
made by the STM nano-oxidation process. At both ends ofG. 1. Principle of STM nano-oxidation process using STM tip as cathode.
the 3 nm thick Ti layer, the source and drain ohmic contactSubstrate is SiQ(100 nm/Si. The Ti layer is 3 nm thick.
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FIG. 2. Cross-sectional view of single electron transistor fabricated by STM \ / 1
nano-oxidation process. Island area is surrounded by twg [Ti@ and two —1 %10
I TiQ, barri ions.
arge TiQ, barrier regions 1100 0
-04 02 O 02 04
diode measured at 103 K is shown in Fig. 4. This diode has Drain Voltage VD (V)

two tunnel junctions made by Titharrow line, and does not

have the gate electrode. The current was measured betweBl&. 4. Drain current—voltage characteristitkick line) and conductance

the source and drain electrode. In the figure, the thick lindfine line of diode atT=103 K. Coulomb gap of-50 mV is observed
. . . around drain bias of 0 V. Conductance oscillates with increase of drain

shows the current of the diode, and the fine line shows thgjiage meaning the existence of Coulomb staircase.

differential of the current, i.e., the conductance of the diode.

At around the zero drain voltage, the current shows no in- h duct ilat ith the | fthe drain bi
crease with the increase of the drain voltage, meaning thz € conductance oscillates wi € increase ot the drain bias

existence of the Coulomb gap. The Coulomb gap voltage ig\”th almost the same p_erlo_ds 61150 mV. The lower peak_s
about 50 mV. At the drain voltage larger than the Coulombof the conductance oscillation cor_respond to the flat regions
gap voltage, the current increases rapidly. The conductanc(%zf trllt_ahcu(r:renlt of;he (_Zoulombhstalrc_as;—:-:._ 5 b i
shows the lowest peak at around the zero drain voltage and is e Loulom stqwcase shown In Fig. > may be a.ttn i
almost zerd(S), which corresponds to the Coulomb gap. At gted to the a-symmetr_lcal.struc.ture of the tWO. tun.nehng junc-
the drain voltage larger than the Coulomb gap voltage, thé'c_)gi' Ofn1e8T|Q tunr?:ellnr? Junﬁt|on of thﬁ SI.ET n F'g.' 522615 a
conductance shows the weak oscillation with the increase of'dth © hm, while the other tunneling junction Is 27 nm.

the drain voltage. The lower peaks of the conductance osciIDue t(? th|§ dlﬁgrence in the 'tunnellng junction width, each
lation, e.g., aVp=~0.1 or ~0.28 V, indicate that there are tunneling junction has the different values of the conduc-

Coulomb staircases in the current. However, in this diode’falnces and capacitances, which produces the Coulomb stair-

the clear Coulomb staircase could not be observed. This ma%fiseé h heiaht of the Coulomb stai i Fig. 5 b
be attributed to the symmetrical size and characteristics of ac he'? 0 de ~ou (I)m S _arlr:_case n blg. _beco;nes
the two tunnel junctions, i.e., the same tunneling resistanceI rger at the larger drain voltage. This may be attributed to

and the same tunneling capacitances made by the STM nan 1e increase of the tunneling probability of the electron
oxidation process through the TiQ tunneling barrier. Because the height of the

The drain current—voltage characteristics of the SET was
measured at room temperature and is shown in Fig.5. The 140712 5210712

gate bias was set to 2 V. In the figure, the thick line shows ‘
the current of the SET, and the fine line the conductance of " Tl= 300K 4/l 4100
the SET. Between the drain bias of 0 an6.75 V, four clear -8:10 vloo¥
Coulomb staircases with the150 mV period are observed. < ” &
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FIG. 5. Drain current—voltage characteristigkick line) and conductance
(fine line) of SET at room temperature. Gate bias is set to 2 V. Four clear
FIG. 3. Atomic force microscop€AFM) image of island region of fabri- Coulomb staircases of150 mV period are obtained even at room tempera-
cated SET. ture.
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TiO, tunneling barrier lowered by the applied drain bias andmV at the temperature of 103 K, and the SET shows the
the Fowler—Nordheim tunneling current increases. Coulomb staircase with the periods of 150 mV at the tem-
The dependence of the drain current on the gate bias waerature of 300 K. These Coulomb gap and Coulomb stair-
also examined at room temperature with the drain bias o¢ase observed at the high temperature are attributed to the
150 mV, and it exhibits clear current oscillations with a pe-small tunneling junction area made by the STM nano-
riod of ~460 mV, implying a periodic Coulomb oscillation Oxidation process. The STM nano-oxidation process is quite
of the current. The tunneling capacitan€, and gate ca- €asy and could be applicable to any kinds of devices. We
pacitanceCy, could be roughly estimated from the period of open the new frontier where the new nanometer size device
the Coulomb staircase and the Coulomb oscillation and argrocessing makes the SET possible to work at room tempera-
Ci=~3.6x10 ' F andC,=~3.5x10 ' F, respectively. ture.
These estimated values of the capacitances obtained from the
-V characteristics of the SET coincide well with the calcu-
lated capacitances from its structural parameters. These reK. Yano, T. Ishii, T. Hashimoto, T. Kobayashi, F. Murai, and K. Seki,
sults confirm the existence of Coulomb blockade phenomenaTechnicaI Digest of 1993 International Electron Device Meeting, 541

. . . 1993.
at room temperature due to the small dimension of the |slandz:<_ ,v?atsumoto S. Takahashi. M. Ishii M. Hoshi A. Kurokawa. S.
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single electron diode shows the Coulomb gap of about 50 Ichimura(unpublisheg
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