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Fabrication and integration possibilities of ultrasmall quantum dots
in silicon-on-insulator material

A. Tilke,a) R. H. Blick, and H. Lorenzb)

Center for NanoScience and Sektion Physik, Ludwig-Maximilians-Universita¨t, Geschwister-Scholl-Platz 1,
80539 München, Germany

~Received 15 December 2000; accepted for publication 19 April 2001!

Single-electron transistors utilizing Coulomb blockade effects are promising candidates for future
silicon based nanoelectronics. We present the fabrication of such transistors and measurements that
reveal Coulomb blockade behavior. Various silicon quantum dots are investigated up to room
temperature. We employ a dual gate configuration with which we are able to control our devices by
both a metallic top gate as well as by an in-plane gate. This design principle enhances the integration
density. © 2001 American Institute of Physics.@DOI: 10.1063/1.1379352#
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I. INTRODUCTION

The ultimate limit of integration is found in single
electron transistors~SETs!, which might challenge conven
tional complementary metal-oxide-silicon~CMOS! technol-
ogy in the near future. SETs in silicon nano-structures util
the well established silicon technology thus allowing a la
scale integration of these novel devices. In contrast to qu
tum dots in high-mobility GaAs/AlGaAs heterostructure
where the depletion length of the two-dimensional elect
system~2DES! limits the lateral dot sizes to about 50 nm, th
use of silicon-on-insulator~SOI! materials comprising ultra
thin silicon films allows structure sizes down to 5 nm. Sin
the capacitance between the quantum dot and the contro
gate structure determines the temperature range in which
SET reliably operates, this miniaturization of quantum d
devices is the most demanding goal for future device ap
cations at room temperature. To date, primarily the two f
lowing approaches have been used to realize ultrasmall S
SETs: Highly doped SOI films in combination with later
nanostructuring enable fabrication of conducting silic
nanowires, in which random dopant fluctuations lead to
serial arrangement of multiple tunnel junctions.1–3 A higher
doping level of the order ofND'1021 cm23 leads to the
observation of quasimetallic Coulomb blockade~CB! oscil-
lations due to a spontaneous formation of donor precipitat4

Leobandunget al.5 and others6,7 investigated quantum do
structures embedded into the 2DES of an SOI metal-ox
silicon inversion-field effect transistor@inversion SOI metal-
oxide-semiconductor field effect transistor~MOSFET!# and
found CB oscillations up to room temperature. The m
advantage of these devices compared to the highly do
nanowires lies in the enhanced tunability of the tunnel ju
tions controlling electron transport onto and off the electr
island. So far, only in these inversion SET devices has ro
temperature operation been reported. Here we present
investigations on quantum dots and quantum wires in inv
sion SOI-MOSFETs in the sub 10 nm regime. In order
examine the confining potential of the Si/SiO2 interface of
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the nanostructure we investigate the electronic propertie
high magnetic fields up to 12 T. Since a future integration
these SET devices demands individual electrostatic con
of each structure on the nanometer scale we realize a
gate configuration similar to that reported in Ref. 8. In th
arrangement the 2DES in the SOI film is induced by a m
tallic top gate, whereas the individual single-electron devi
can be tuned almost independently by an in-plane gate
chined out of the SOI film and driven in strong inversion
the top gate.

II. FABRICATION AND MEASUREMENT SETUP

The unprocessedp-type ~100!-oriented SOI wafers~spe-
cific resistivity r;20 V cm have a silicon film thickness o
50 nm and a buried oxide layer thickness of 400 nm. P
tecting the active transistor areas with a standard photore
we implant the source and drain regions of the SO
MOSFET with As ions at an energy of 10 keV and a dose
231015 cm22. In order to obtain thinner silicon films, a
sacrificial thermal oxide is grown on the upper Si layer w
a thickness of about 44 nm by rapid thermal oxidati
~RTO!, consuming 20 nm of silicon. After etching the oxid
in buffered HF we define a mesa structure in the remain
30-nm-thick silicon film with alignment marks for the fol
lowing electron-beam lithography step using conventio
photolithography and reactive ion etching~RIE! in CF4 . Us-
ing high-resolution low-energy electron-beam lithograp
and the negative electron resist calixarene,9 we prepare sili-
con wires and dot structures with a minimum lateral feat
size of about 10 nm by RIE. Simultaneously, the in-pla
side gate is formed in the thinned SOI film. The etched s
con structure is passivated by low temperature~950 °C, 16
min! RTO resulting in a high quality oxide of about 15 n
thickness followed by an additional sputter deposition o
40-nm-thick SiO2 layer on top of the sample. In a furthe
step we open contact holes in the source and drain region
wet etching in buffered HF. Finally, metal evaporation a
subsequent lift-off serves to fabricate simultaneously bo
ing pads and a top gate covering both the single-elec
structures as well as the side gates. In Fig. 1~a! a schematic
drawing of the quantum dot device is shown in combinat
© 2001 American Institute of Physics
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with a scanning electron microscope picture of a quant
dot structure~b! defined in calixarene electron resist on
bulk silicon wafer. Figure 1~c! displays the same quantum
dot structure etched in silicon, oxidized with the oxid
stripped off again in HF in order to demonstrate our pre
ration technique. After bonding the sample onto a chip c
rier and mounting it on a sample holder, the temperat
dependence of the electronic properties is measured in a
able temperature insert providing temperatures in the ra
between 1.5 and 300 K.

III. MEASUREMENTS

A. Quantum dots

In Fig. 2 we show measurements of the conductan
defined asg5dID /dVSD, for two different quantum dots

FIG. 1. ~a! Sketch of a dual gate quantum dot structure. Highly dop
source and drain contacts are connected by the laterally structured inve
layer in the SOI film. An in-plane side gate is also defined in the invers
layer and contacted by a strongly doped region.~b! Scanning electron mi-
croscope micrograph of a quantum dot structure.~c! After reactive ion etch-
ing of the resist mask, growth of a 15 nm thermal oxide and stripping of
SiO2 passivation.
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The conductance oscillations found in Fig. 2~a! ~dot 1! dis-
play no periodicity in contrast to the almost periodic oscil
tions shown in Fig. 2~b! ~dot 2!. With CTG, the capacitance
of the quantum dot with respect to the top gate, one
derive an expression for the spacing between two cond
tance peaks in the gate characteristic10

DVTG5
1

e

C

CTG
~dEN1U ! ~1!

with dEN5EN112EN the separation of the quantized leve
caused by spatial confinement.EC5e2/C defines the charg-
ing energy, namely the energy required to add one additio
electron to a quantum dot overcoming the Coulomb rep
sion of the electrons already occupying the dot~C being the
total capacitance of the dot!. In the classical limit, when the
spatial quantization energy is negligible in comparison to
Coulomb energy, the conductance peaks become equidis
This is the case for the occupation of a dot with many el
trons, and is similar to single-electron transistors in meta
systems. If a small quantum dot is occupied with only a f
electrons, the quantum mechanical energiesEN become sig-
nificant and alter the periodicity of the CB oscillations. Es
mating the quantum mechanical level spacing in the sim
approximation of an infinite spherical potential well in S
leads todE0;10 meV for a dot with a diameter of 20 nm
On the other hand, the Coulomb charging energy can
estimated by the approximation of a disk shaped island w
radiusr and the axis perpendicular to the surface

CTG58e re0r ~2!

with e r the dielectric permittivity for SiO2 ande0 the dielec-
tric constant. For a 20 nm dot we obtainEC558 meV. In Fig.
3 contour plots of the channel conductance versus top
voltageVTG and source/drain biasVSD of both quantum dots
@dot 1 ~a! and dot 2~b!# are shown. From the slope of th
so-called CB diamonds one can determine the energy l
separation in the dot with the conversion factora
5dm(N)/dVTG5 1

2DVTG,L /dVSD, wheredm(N) is the dif-

ion
n

s

FIG. 2. Coulomb blockade oscillations in two inversion quantum dots a
temperature of 2 K. While the oscillations in~a! ~dot 1! display no period-
icity with VTG , the peaks in trace~b! ~dot 2! are almost perfectly equidis-
tant.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ference of the electrochemical potentials of the dots depe
ing on the number of electronsN.4 For dot 1 one finds
a'0.101 eV/V and one can therefore deduce a charging
ergy of EC'56 meV. With approximation 2 we obtain a do
diameter ofd'22 nm. On the other hand, regarding the v
ues fordE0 and EC estimated before, the discrete states
the dot certainly will contribute to the bare charging ener
according to Eq.~1!. This is manifested in the aperiodic C
oscillations in Fig. 2~a!. For dot 2 we finda'0.154 eV/V,
EC'41 meV andd'30 nm. Since the most pronounced co
ductance oscillations appear at a higher conductance tha
dot 1, a higher occupation with electrons can be assum
leading to a reduced influence ofdE on the period of the
conductance oscillations. Therefore a more metallic beha
can account for the more periodic conductance oscillati
shown in Figs. 2~b! and 3~b!. In order to investigate the
properties of the confining potential at the Si–SiO2 interface,
we measured both the gate characteristic as well as the
linear source/drain characteristic as a function of magn
field. In order to demonstrate the influence of a magne
field on the energy levels of the dot, we evaluate a tw
dimensional harmonic potential with eigenfrequencyv0 . In
general, we expect the quantum mechanical level spacin
be strongly altered in a magnetic field if the confining pote
tial is rather weak and ifv0 is of the order of the cyclotron
frequencyvc . In Fig. 4~a! we show the magnetic field de

FIG. 3. Contour plots of the channel conductances vs top gate voltageVTG

and source/drain biasVSD of both quantum dots are shown. From the slo
of the Coulomb blockade diamonds one can determine the energy
separations. The contour plot in~a! ~dot 1! displays a variety of fine struc-
tures, whereas the Coulomb blockade diamond in~b! ~dot 2! almost shows a
metallic behavior~black regions indicate the suppression of conductanc!.

FIG. 4. ~a! Magnetic field dependence of the Coulomb blockade oscillati
and of the nonlinearI D2VSD characteristic atT52 K ~b!.
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pendence of the gate characteristic of dot 1. In Fig. 4~b! the
measurements of the nonlinear characteristic in various m
netic fields are presented. Obviously, in both measurem
no significant influence of the magnetic field on the electri
properties can be observed and therefore the assumption
hard-wall potential is justified. In Fig. 5~a! the temperature
dependence of the gate characteristic is shown: clear CB
cillations up to temperatures above 100 K are visible. T
first conductance maximum displays almost no change
shape in the temperature range between 2 and 100
whereas the subsequent oscillations at higher top gate
agesVTG clearly begin to vanish towards higher temper
tures. The etching process does not produce extremely s
steps in the SOI film and the profile of the quantum dot
therefore smaller at the top side of a SOI film than at
bottom. Strong inversion of the quantum dot naturally beg
at the center of the structure proceeding to a complete in
sion at higherVTG. Therefore the effective capacitance
our device presumably is smaller at lowVTG than at high
gate voltages. We examined the temperature dependen

el

s

FIG. 5. ~a! Temperature dependence of the conductance oscillations of
1. Note especially that the first conductance maximum is almost unaffe
by the temperature rise up to 110 K.~b! Temperature dependence in th
nonlinear bias regime. AtT5300 K the Coulomb blockade gap remain
visible.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the nonlinear characteristic in more detail for the smaller
@Figs. 2~a! and 3~a!#, adjacent to the first conductance max
mum @Fig. 5~b!#. A clear CB gap in the conductance is foun
even at room temperature. Since CB should remain vis
up to temperatures ofT5EC/2kB'310 K in this device, this
finding is in good agreement with the theoretical expec
tions.

B. Quantum wires

In contrast to the formation of electron islands
pattern-dependent oxidation,8 width fluctuations in
nanowires,6 or in SOI quantum point contacts7 we define the
silicon nanostructures only by means of nanolithograp
Therefore we are able to define the basic devices required
possible SET logic elements. In order to demonstrate
lithographic definition of the SET structures, we prepar
SOI nanowires with various widths and lengths. In none
these nanowires CB oscillations could be observed. In
6~a! the conductance of such a 25-nm-wide nanowire
shown. Since we do not shrink our nanostructures by ther
oxidation as strongly as in Ref. 6, width fluctuations can
lead to an accidental formation of electron islands. The
fore, our fabrication method is intended to be highly rep
ducible even at structure sizes in the 10 nm regime. Since
did not observe a Coulomb blockade diamond in this str
ture as judged by measuring the nonlinearI D2VSD charac-
teristic the features observed in the gate characteristic of
nanowires cannot be attributed to CB oscillations similar
the ones seen in Fig. 2 under large top gate voltages (VTG

.9 V! where CB oscillations vanish. These features
similar to those observed by Leobandunget al.5 in quantum
dot structures. They are interpreted in terms of electron
terference effects in the laterally structured 2DES enclo
on the nanometer scale. In high mobility 2DES in bulk s

FIG. 6. ~a! Gate characteristic of a 25-nm-wide and 500-nm-long wire. T
features observed can be interpreted as electron interference effects, sin
Coulomb blockade diamond could be found.~b! Conductance of a strongly
inverted 25-nm-wide wire as a function ofVSG at fixedVTG512 V.
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con MOSFETs the phase coherence lengthLF can be as
large as 1mm11 at temperatures below 0.5 K. We therefo
also believe that especially in narrow wires quantum int
ference might occur due to the geometry of the confin
2DES. In order to demonstrate functioning of the in-pla
side gate, we measured the conductance of the 25-nm-w
wire as a function of side gate voltageVSG at a fixed top gate
voltage ofVTG512 V which is large enough to drive bot
side gates and the wire into strong inversion. In Fig. 6~b! the
conductance decrease forVSG,0 V and the increase fo
VSG.0 V demonstrate the feasibility of depleting the ele
tron channel inside the nanowire. As an example of the
plication of these dual gate configurations for CMOS-bas
SET-logic circuits, we envision a SET inverter, one of t
most important elements of a CMOS-based single-elec
logic. Figure 7~a! shows the equivalent circuit for the in
verter that mainly consists of two special SETs:12 the so-
called p-SET ~in analogy to CMOS! conducts at gate volt-
ages that lead to CB for the so-calledn-SET and vice versa

IV. CONCLUSION AND SUMMARY

In conclusion, we have demonstrated lithographic te
niques to build a variety of silicon nanostructures. Coulom
blockade in quantum dots embedded into the 2DES of
SOI-MOSFET up to room temperature has been observ
The magnetic field dependence of the electrical parame

e no

FIG. 7. ~a! Equivalent circuit for a CMOS-based SET inverter according
Ref. 12. The so-calledn-SET is in a conducting state at gate voltages th
block the so-calledp-SET and vice versa.~b! Realization of the SET in-
verted using in-plane side gates.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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demonstrates the robustness of the confining potentia
well as the controllability of the source and drain tunn
junctions. We show that quantum wire structures fabrica
by the same process do not display Coulomb blockade o
lations and therefore give evidence for the truly lithograp
definition of our devices. By applying a voltage to an i
plane side gate, we can deplete and enhance the stro
inverted nanowire. This offers the possibility for individu
tuning of quantum dots on the nanometer scale in an i
grated SET logic as demonstrated for a SET-based CM
circuit.
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