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The quantum mechanical effects in silicon single-electron transistors have been investigated. The
devices have been fabricated in the form of point contact metal–oxide–semiconductor field-effect
transistors with various channel widths using electron beam lithography and the anisotropic etching
technique on silicon-on-insulator substrates. The device with an extremely narrow channel shows
Coulomb blockade oscillations at room temperature. At low temperatures, negative differential
conductances and fine structures are superposed on the device characteristics, which are attributed
to the quantum mechanical effects in the silicon quantum dot in the channel. The energy spectrum
of the dot is extracted from the experimental results. ©1997 American Institute of Physics.
@S0003-6951~97!02951-3#
es
a
is

co

1
re
f
l
It
e

se
n
d

ac

-
ar
ro
uc
d
ru
g

ac

x
ct
pi
io

y

a

e

T
a

By
und
T

rain
row,
ns,
bar-

no
mal

not
ess
e

ua-
he
ter-
, or
n

at
be-

-1
The operating temperature of single-electron devic1

depends on the dot size in the devices. Many attempts h
been made previously to fabricate small dots in order to ra
the temperature of the device operations. Since sili
single-electron devices operating at room temperature2–5 re-
quire an ultrasmall Si dot whose size is typically less than
nm, the role of quantum mechanical effects such as disc
energy levels in the dots6,7 or the fluctuation of the density o
states in source and drain region8 cannot be ignored and wil
have a significant influence on the device characteristics.
more important to understand the quantum mechanical
fects on device characteristics as the device size decrea

In this work, quantum mechanical effects in silico
single-electron transistors have been investigated. The
vices have been fabricated in the form of point cont
metal–oxide–semiconductor field-effect transistors~MOS-
FETs! using electron beam~EB! lithography and the aniso
tropic etching technique. Coulomb blockade oscillations
seen at room temperature in devices with extremely nar
channels. At low temperatures, negative differential cond
tances~NDCs! and fine structures are superposed on the
vice characteristics. We have estimated the electronic st
ture of the quantum dot in a channel from the gate volta
and drain voltage dependence of the drain current.

Figure 1 shows the schematic view of the point cont
MOSFET. A ~001! oriented, p-type silicon-on-insulator
~SOI! substrate prepared by the separation by implanted o
gen ~SIMOX! technique is employed. The point conta
channel is defined by the EB lithography. The anisotro
etching technique is employed to compensate the fluctuat
caused by the EB lithography.9 Tetramethylammonium-
hydroxide which is fully compatible with the current ver
large scale integrated~VLSI! process4,5,10 is utilized for an-
isotropic etching. The thickness of the SOI layer is less th
20 nm and the gate oxide at~001! surface is 50 nm. The
channel width is changed by changing the electron dos
the EB lithography.

a!Electronic mail: ishikuro@nano.iis.u-tokyo.ac.jp
b!Also at the VLSI Design and Education Center, University of Tokyo, 7-3

Hongo, Bunkyo-ku, Tokyo 113, Japan.
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The characteristics of the point contact MOSFE
strongly depend on the channel width. The device with
large width has the normal MOSFET characteristics.
scanning electron microscopy observation, we have fo
that the device with 30 nm width shows normal MOSFE
operation even at 4.2 K. As the width decreases, the d
current decreases and, when the channel is extremely nar
the device shows clear Coulomb blockade oscillatio
which indicates that the channel is separated by tunnel
riers. When the width further decreases, the device has
drain current because the channel is cut off by the ther
oxidation.

The reason why the channel is separated into dots is
clear at present and is under investigation. The thickn
fluctuations2 of the SOI layer would not be the cause of th
dot formation because the period of the thickness fluct
tions in SIMOX is much larger than the channel length of t
device. The localized states or Si nanoparticles at the in
face between the SOI layer and the buried oxide layer
pattern dependent oxidation3 may turn out to be the reaso
for the dot formation.

Figure 2 shows the drain current as a function ofVg in a
device which shows Coulomb blockade oscillations even
room temperature. It should be noted that the intervals
tween the peaks are not constant. Figure 3 shows theVds

FIG. 1. Schematic view of the Si point contact MOSFET.
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dependence of theI ds near the Coulomb blockade oscillatio
peak ~at Vg53.9 V!. The NDCs~at Vds.6100 meV! and
fine structures~at Vds.140,250 meV! are clearly observed
as well as theI ds region suppressed by Coulomb blockade
low drain voltage (uVdsu,10 meV). To grasp the entire
property of the device, we took theI ds dependence on th
Vds andVg in Fig. 4. Clear rhombus shapes which are cau
by the Coulomb blockade are observed. Furthermore,
NDCs and fine structures appear in parallel with the side
the rhombus shapes. Then, we consider the transport pro
ties of the channel in what follows.

In Fig. 2, the temperature dependence of the p
heights is not strong and the peaks do not split at low te
perature as in the case of multiple-dot system.5,11,12In Fig. 4,
where theVg is fixed at oscillation peaks, the rhombu
shapes of the current suppressed regions are closed an
I ds2Vds characteristics are perfectly linear at lowVds .
Therefore, the Coulomb blockade effects are caused b
single-dot system.

Different from the Coulomb blockade characteristics
the semi-classical model,1 ~i! the interval between the osci
lations peaks is not constant~Fig. 2! and ~ii ! NDCs and the

FIG. 2. Dependence of the drain current (I ds) on gate voltage (Vg) with a
drain voltage (Vds) of 1.0 mV. The temperature is changed from roo
temperature down to 21 K. The abruptI ds changes at 160 K are the rando
telegraph noise.

FIG. 3. I ds2Vds characteristics near the Coulomb blockade oscillation p
at 4.2 K. NDCs are observed atVds.6100 meV and fine structures appe
at Vds.140,250 meV.
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fine structures are superposed on theI ds2Vds characteristics
~Figs. 3 and 4!.

We attribute the cause of the anomalous characteris
to the quantum mechanical effects. In a small semicondu
dot, the separations between the single-electron energy le
become comparable to the single-electron charging ene
which breaks the periodicity of the Coulomb blockad
oscillations.1 NDCs would be observed when the conductio
band edge of the source passes by the ground state lev
the dot. On the other hand, fine structures should be obse
when the Fermi level of the source corresponds to the
cited state level of the dot.6,7 Then, we could estimate the
electronic structure in the dot. Each peak position of t
I ds2Vg characteristics corresponds to the ground state
ergy in the dot. On the other hand, we can pick up the
cited energy levels from the fine structures of theI ds2Vds

characteristics.
To extract the electronic structure in the quantum d

we take a contour plot of the differential conductan
(]I ds /]Vds) as a function ofVg and Vds in Fig. 5. The
hatched areas indicate the NDCs and the dotted areas re
sent the fine structures. From the slope of each side of
rhombus shapes (]Vg /]Vds), we can calculate the ratio o
the gate–dot (Cg), drain–dot (Cd), and source–dot (Cs)
capacitance.1 It is also possible to estimate the ratio of th
substrate–dot (Csub) and Cg from the shift of Coulomb
blockade oscillations by the substrate bias~not shown here!.
In this device, the relation is estimated asCg :Cd :Cs :Csub

51:5.9:9.4:0.01. From these values, the potential in
quantum dot (fdot) is changed byDfdot5CgDVg /Ctotal

50.061DVg when the gate voltage is changed byDVg and
the voltages of the other leads are fixed. In the same w
fdot is changed byDfdot5CdDVds /Ctotal50.36DVds when
the drain voltage is changed byDVds and the voltages of the
other leads are fixed.

k

FIG. 4. Three-dimensional plot of theI ds as a function of theVg andVds at
4.2 K. Clear rhombus shapes caused by Coulomb blockade oscillations
observed. NDCs and fine structures appear in parallel with the sides o
rhombus shapes.
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Using the above relations, we estimate the electro
structure in the quantum dot from Fig. 5. Figure 6 shows
corresponding energy of the ground states and excited s
as a function of the number of electrons~N! in the quantum
dot. The average single-electron charging energy (EC) is 58
meV and the quantized level separation atN52 is 30 meV.
The barrier height of the tunnel junctions is no less than 3
meV from the gate–voltage dependence. Therefore, the
of the charging energy and quantized level spacing in the
as well as tunnel barrier height are much larger than
thermal energy at 300 K. Once theEC is obtained, the aver
age capacitances are evaluated asCg50.085,Cd50.50, Cs

50.80, Csub50.0009 aF. From these values, the dot size

FIG. 5. Contour plot of the differential conductance (]I ds /]Vds) as a func-
tion of Vg andVds at 4.2 K. The hatched areas indicate the NDCs and
dotted areas show the fine structures. One step corresponds to 100 nS

FIG. 6. Energy spectrum ofN electron states in the quantum dot extract
from the fine structure of Fig. 5. The horizontal axis indicates the numbe
electrons and the vertical axis shows the energy levels.
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estimated to be 6 nm if a spherical dot shape is assume
The quantized level separation is strongly dependen

the number of electrons, because it is strongly affected
only by the size but also by the shape of the dot. The
would be irregular in shape in this system. Furthermore,
quantized level separation seems to increase as the nu
of electrons increases which indicates that the confinem
of the potential barrier of the dot is stronger than that o
harmonic potential well. On the other hand, the above m
tioned capacitances and charging energy are not cons
They are also weakly dependent on the number of electr
This is because, when the dot size and the electron num
are extremely small, the charge distribution and the size
the dot are completely changed by the addition of only o
electron. Therefore, the single-electron charging energy
well as the separation between the quantized levels are
constant but depend on the number of electrons in the d

In this device, the NDCs and fine structures are smea
out at 77 K~not shown here! and the characteristics becom
like a semi-classical model except for the aperiodicity of t
oscillations. However, the quantum mechanical effects w
become more prominent and have a significant influence
the device characteristics as the size of the quantum do
the single electron devices decreases.

In conclusion, the quantum mechanical effects in silic
single-electron devices have been investigated. The dev
have been fabricated in the form of point contact MOSFE
using the anisotropic etching technique. The device with
extremely narrow channel shows Coulomb blockade osc
tions at room temperature. NDCs and fine structures are
observed at low temperatures. We have extracted the en
spectrum of the quantum dot from the transport propertie
the device. The experimental results suggest that the accu
understanding of the electronic states in the dot beco
much more important for the design of extremely sm
single-electron devices for room temperature operation.
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