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Abstract. We present a brief overview on different real-
izations ol single-electron devices fabricated in silicon-on-
insulator films. Lateral structuring of highly doped silicon
films allows us to observe quasi-metailic Coulomb blockade
oscillations in shrunken wires where no gquantum dot struc-
ture is geometrically defined. Embedding quantum dot struc-
tures into the inversion channel of a silicon-on-insulator field-
effect transistor Coulomb blockade up to 300K is observed.
In contrast to the guasi-metallic structures, in these devices
the influence of the quantum mechanical level spacing in-
side the dot becomes visible. Suspending highly doped silicon
nanostructures leads to a novel kind of Coulomb blockade
devices allowing both high-power application as well as the
study of electron-phonon interaction.

PACS: 85.30.Vw: 85.30.Yy: 07.10.Cm

Conventional complementary metal-oxide-silicon (CMOS)
technology will, as is commonly assumed, reach its physical
limits in the near future. Therefore. the search for a new kind
of nanoscale devices for integrated circuits is nowadays onc
of the most challenging tasks. Especially single-electron de-
vices such as single-efectron transistors (SETs) are helieved
to be able to replace standard field-effect transistors (FETs)
in the nanoscale regime. However, two conditions must be
satisfied to successfully integrate single-electron devices in
standard technology: (i) the devices have to work at room
temperature, which requires that their geometrical dimen-
stons are on the order of 5 nm as will be explained later and
(it} the choice of silicon for fabricating the structures is tan-
dantory for compatibility and integrability. Especially silicon-
on-insulator (SO materials, where a thin Glm of crystalline
silicon is located on top of an insulating layer separating
the silicon filt from the underlying substrate, are the most
promising candidates for such silicon-based SET structures.
Up to now. several different types of single-clectron devices
based on SOI or similar structures have been proposed and
realized | 1-3). leading to ficst SETs working at room tem-
perature {2, 4.

The purpose of this article is to review some ol these at-
tempts. to compare their physical properties and to present
our results, In the fiest section, a briel introduction to the

theoretical framework of single-electron tunaeling is given.
The sccond section [ocuses on the preparation of SOI-based
single-clectron structures using high-resolution electron-
beam lithographyv. The two major kinds of SET devices that
can be reatized in SOI are presented in the next two sections:
a high doping level of the SOL film in combination with lat-
cral structuring of the (ilim leads to the formation of a serial
arrangement of randomly distributed SET structures in ultra-
smail silicon nanowires. Especially by choosing extremely
high doping levels (achieved by ion implantation), metal-like
Coulomb blockade (CB) oscillations can be observed in these
devices. Using geometrically defined SET structures embed-
ded in the inversion channel of a SOI-MOSFET, also allows
us to observe CB in these senticonductor quantum dots. In
contrast to the quasi-metallic behavior of the highly doped
devices, these quantum dots show strong quantum effects re-
sulting from confining few electrons in a box smaller than the
electronic Fermi wavelength ir. The last section deals with
a novel kind of silicon-based SET devices: nanomachining
of highly doped silicon nanowires or quanwira dot struc-
tures is used to suspend single-electron stiructures. Since these
suspended devices are thermally decoupled from the under-
lying semiconductor substrate, phonon-electron interaction
mechanisms can be studied. Moreover, the possibility of sim-
ultaneously using these devices for electron transport meas-
urements and to excite them to mechanical vibration. allows
the study of electron—~phonon interaction, especially when
cooling the structures down to temperatures of a few mK. As
will be shown, these devices are also very robust against the
use of high electrical power. presumably allowing high-power
devices on the nanometer scale.

1 Single-electron tunneling

Single-clectron tunneling through & quantum dot occurs when
the electron island is weakly coupled to source and drain
leads. In order to maintain discrete energy states inside the
dol. the energetic uncertainty due 1o lifetime broadening
has to be much smaller than a typical interaction energy in
the dot. Since electron flow onto the dot is suppressed by
Coulomb repulsion this energy scale will be the Coulomb
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charging eneray L¢:
Ec=c"C. (h

with € being the total capacitance of the electron island. Ap-
proximating the lifetime by a RC time-constant leads 1o the
condition for single-electron flow via source and drain con-
tacts:

R hjet, (2)

with R being the resistance of the tunnel contacts and /
Planck’s constant. In other wards. electrons have to tunnel
successively onto and from the dot in order to resolve single-
electron effects. On the other hand. 1unneling through the
clectron island can only occur when the source and drain
chemical potential y is aligned to one gquantum dot state,
leading to the expression

E(N+ 1) =E(N) +un, (3)

where E(N} gives the oal energy of the electron system
inside the dot occupied with N electrons and ux its chem-
ical potential (Fig. 1a). This condition leads to a series of
conduction peaks in the gate-voltage/current characteristic
of a guantum dot whenever the gate voltage Vi aligns the
dot’s chemical potential gy, giy+i ... to the source and
drain chemical potential g, The electron energy E{(N) con-
tains hoth the electrostatic Coulomb energy as well as the
single-particle energies £y due to the guantum mechanical
confinement of the electron wavefunction inside the small
electron island. With Cg being the capacitance between the
gate and the quantum dot one can derive an expression for
the spacing A Vg between two conductance peaks in the gate
characteristic | 5]

, 1 C (. e
A"U = -«-(—:— (éﬁ,\-‘*’ '—) ' (4}

with §Ev = Eany ~ Epn. The conversion factor ¢ links the
peak spacing as a function of Vg to the energy scale

Co
Au.:a/llk;:e-é—AV,. (5)

By applying a non zero voltage to source and drain one mea-
sures the nonlinear transport characteristic of the quantum dot
device. Since a difference of the source and drain chemical
potentials allows current to flow through the dot as long as an
encrgy level falls into this gap. the conduction peaks become
broader (Fig. 1b). Plotting the conductance of the dot against
both gate-voltage and source~drain bias therefore leads to the
so-called Coulomb blockade diamond (Fig. 1c). The conver-
sion factor ¢ can be determined by evaluating the slope of the
CB diamond

I
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with Vg .. representing the edge of the diamond. From the

temperature-dependent shape of the conduction peaks with

a FWHM AV, one can also extract a value for o and there-

fore the charging energy [5. 6] of the quantum dot structure
SkpAT

—— e AT fo
AV arcoshv/2 . (7)

Single-electron
tunneting

Fig. L a Conlomb btockade in 2 single-electran transisior: i the chemical
potential of the source and drain leads are not aligned to an energy level in-
side the electron island (Coulomh blockade). no ¢an current flow through
the dor. Only when the chemical petential is aligned 10 one energy level
{single-electron wnneling} or if one energy fevel lies in the gap between
the chemical potentials ol source and deain (b can current fluw. These two
effects lead 10 the observation of the CB diamond skeiched in c. In semi-
conductor quantum dots the clectron confinement inside the dot leads o
influence of the quantum mechanical energy states for the clectrons. There-
fore. the energy levels due o the Coulomb interaction are split into a series
of levels separated by the quantum-mechanical single-particle encrgies {not
shown here for clarityt. Ia the case of ultrasmall dots in the 10-nm regime.
the quantum-miechanical energy spacing becomes of the same order as the
Coutomh energy and no clear perindicity of the energy states inside the dat
can he expected

The possibility of switching between a conducting stale and
the CB staic of the guantum dot by applying an appropriate
gate voltage makes this device & prime candidate for a single-
electron switch or memory. In the metallic limit. where the
spatial quantization energy is neglibible in comparison 1o the
Coulomb energy. the conductance peaks become equidistant
and the CB oscillations perfectly periodic. This is the case
for an accupation of the dot with many electrons stmilar o
single-clectron transistors in metallic systems | 7]. For silicon,
this limit can he ahnost reached by using a very high doping
level. When the quantum dot is occupied with only a few elec-
trons. the guantum mechanical energy spacing § £ becomes
significant in small quantum dots and alters the periodicity
of the CB oscillations, as observed with silicon quantum dots
embedded in the inversion channel of field effect ransistors,
[n this case. the energy levels due to Coulomb repulsion split
into a series of Jevels separated by the quantum-mechanical



single-particle energy. For silicon dots in the inversion layer
of SOI-MOSFETs the quantum-mechanical single-clectron
energy spacing can be comparable to the Coulomb encrgy and
therefore no periodicity of the energy states inside the dot can
be expected.

2 Fabrication of silicon-based nanostructures

Since state-of-the art optical lithography is stilf limited
to structure sizes down to about 180nm |8), other high-
resolution lithography techniques such as electron-beam
lithography dye necded in order 10 deline features in the
10 nm range. However, cven with today's best electron-beam
lithography using field-emitting electron sources. fabricat-
ing structures with dimensions about 10nm is difficult to
achieve. Since the resolution limit of etectron-beam lithogra-
phy is mostly set by the sensitivity of the electron resist, novel
kinds ol high-resofution resists have been investigated. Re-
cently, Fujita et al. [9] demonstrated how 1o use the negative
clectron resist calixarene to define structures with dimensions
of about 10 nm, However, this resist has to be exposed with
high electron doses leading to severe irradiation damage espe-
cially if using high electron energies. Therefore. low-energy
electron-beam lithography has attracted considerable interest
in the past few years [10] and is becoming especially inter-
esting for calixarene: using low electron energies leads to
drastically reduced electron doses during exposure as can be
estimated using a simplified Bethe equation. Furthermore, in
combination with the fower clectron dose. the low electron
energy teads to astrong reduction of irradiation damage [11].
In Fig. 2. a SEM micrograph of a nanowire patterned in
a 40-nm-thick calixarene film using a 1 keV electron beam is
shown. Although the resolution limit of calixarene due to its
chemical structure should clearly be lower than 10 nm. adhe-
sion of the resist to the underlying substrate leads 1o minimal
structure sizes of about 8 nm.

We start the fabrication of our devices by doping the SOI
wafers by ion implantation ol As. For the highly doped SET
devices a uniform doping of the whole wafer is employed.

Fig, 2. Nanowhe with a width of $ min defined in calixarene. Due to adhe-
sion problems of the resist to the substrate. this structure size is believed to
be the practicat resalution limit for this resist
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highly n*-doped
SOI-Film

highly n*-doped
source and drain
regions with undoo--:.
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Fig, 3. Sketch of a SOI nanowire embedded in a MOS structure. This MOS
device can either be reulized in a uniformly doped SOF wafer or in a
conventional inversion MOS-architecture. where only the source and drain
regions are selectively »t doped

in order to fabricate inversion-MOS structures, we mask the
areas of the active MOS structures by conventional photore-
sist. When employing low-energy electron-beam lithography
with calixarene to fabricate SET structures in SOI films, the
exposed resist film is used as an etch mask for a reactive ion
ctching process (RIE) which removes the unprotected sili-
con laver down to the buried SiO;. Since the calixarcne resist
has a lower etching rate in the CFy plasma than silicon. the
masking is suitable for structuring SOI films up to a thick-
ness of about 50 nm. Large contact regions are protected by
a photoresist masking during the RIE process. We subse-
quently grow a thin thermal gate oxide at a (cmperature of
950 °C in order to passivate the etched structures and to an-
neal etching damage at the structure surfaces. We then deposit
a second oxide film either by chemical vapor deposition or by
sputtering and provide a metallic top gate by evaporation or
sputtering. This fabrication process can either be applied to
uniformly highly n*-doped SOI wafers or to slightly p-doped
layers suitable for inversion-MOS-structures. where only the
source and drain regions are highly n-doped by selective im-
plantation. Figure 3 shows a sketch of both a highly doped
silicon nanowire as well as 4 silicop quantum dot in an inver-
sion layer embedded in a MOS structure as described above.

3 Single-electron tunneling in highly doped silicon
nanostructures

Siith et al. [3] first fabricated conducting silicon nanowires
with lateral dimensions down to about 40 mn using highly
doped SOI matertal. Tt was possible to resolve conduction
peaks when changing the voltage applied to an in-plane side
gate also realized in the highly doped SOI ilm. Aithough the
mean peak-to-peak spacing was constant in subsequent gate
sweeps, both the exact peak positions as well as the peak am-
plitudes differ. This observation can be interpreted in terms
of the formation of randomly distributed electron islands sep-
arated by tunneling barriers formed by dopant fluctuation
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inside the napostructure. Since usually a serial arrangement
of SETs s formed. no exact periodicity of the conduction
peaks can be found in these structures. Besides, an enhance-
mwent of the Coulomb gap has been observed in the case where
the highly doped silicon nanostructure is almost depleted by

the side-gate voltage [12}. This behavior i:s atlri_butedtm the
formation of space-charge regions {SPR) in series wilth the
fimnel barriers formed by random dopant fluctvations [13].
Recently, also single-clectron effects in vertical SEFs were
observed [ 14].
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Fig. 4a—c. Single-electron effects in a highly doped, 10-nmn-wide silicon nanowire at 7 = 2 K. Although almost periodic conductance oscillations can be
found, both the peak amplitudes as well as the exact peak positions differ helween subsequent gate sweeps. a The electrostatic potential of the nanowire
is controjled via a meallic fop gate. b An in-planc side gate is used. The 1op-gate voltage in this measurement is Voo =175V, aHowing low side-gate
voltages 1o control the CB oscillations. ¢ The temperature dependence of the wire's # — V trace, Although single-clectron effects should remain visible up
to temperatures ahove 200 K due to the small size of the structure, the wire almost shows ohmic hehavior already at lower lemperatures and single-electron

effects remain visible only weakly up to tempcratures of about 200 K



In Fig. 4. we present CBooscillations measured in a sili-
con wire of width 100 and thickness around 25 nim (afier
shrinking by thermal oxidation) which is similar to that pre-
viously mentioned [3]. In contrast to the common side-gate
conliguration, in our sctup both one side-gate as well as
a metallic top-gate can tune the electrical potential inside the
highly doped wire. In Fig. 4a the conductance of the wire,
g = dlsp/dUsp. is ploued versus the depleting top-gate volt-
age Vg at a temperature of 7 = 2 K. By setting the top-gate
voltage to a value near pinch-off, one cun observe CB oscil-
fations by changing the side-gate voltage Vi (Fig. 4b)y. This
allows us Lo minimize the controlling side-gate voitage, The
temperature-dependent conductance of the silicon wire as
well as of the SET structures treated in the following sections
were measured in a *He bath cryostat with a variable tem-
perature insert, allowing continuous operation in the range
1.5-200 K. In Fig. dc. the temperature dependence of the
source-drain { — V characteristic is shown. Although single-
clectron effects should remain visible up o very high tem-
peratures due to the small size of the nanowire, only a weak
nonlinearity can be observed at temperatures up to 200 K. We
therefore conclude that the tuanel barriers formed by random
dopant distribution must be very shallow, so that the condi-
tion in (2) cannot be fulfilled at higher temperatures. In add-
ition. although many eftorts were recently made to use highly
doped SOI films for single efectronics with structure sizes in
the samc range as reported here. no roomtemperature opeta-
tion of these devices have been observed yvet |3, 12,15, 16].

[n recent work. we reported on a novel approach apply-
ing SOl technoloay tor the fabrication ol guasi-metailic SETs
in extremely doped SOI films [17]. Since metallic SETs ofter
many similar charging states and hence a broad range of op-
erating points, this approach is intended o overcome the poor
petiodicity of the lower doped structures. Whereas doping
levels of about 10" cm™ were common in earlier work. lead-
ing to a mean distance between two dopant atoms of 4.6 nm.
our samples have a nominal doping level of (0! cm™ real-
ized by ion implantation of arsenic. This leads to a mean dis-
tance of only 1 nm between the dopants. Therefore, the distri-
bution of dopant atoms can be assumed to be much more uni-
form for an unprocessed wafer. The active doping level was
determined by Hafl measurements to be about 5 x 107 cm =2,
suggesting that not all dopants were activated during the an-
nealing process performed in a rapid thermal annealing (RTA)
chamber at a temperature of 1100 °C [1R]. The electron num-
ber in an ideal dot with dimensions of about 50 am fabricated
from this material is on the order of 10°.

Figurc 3a depicts the conductance of a 50 nm-wide,
30 nm-thick nanowire at a temperature of 4.2 K as a function
of the applied top-gzate voltage. Oscillations with a clear pe-
riodicity are observed. indicating the metailic nature ot the
SET. On the other hand. the high offset in the valleys of the
conductivily indicates high paralfel conductance. Figure 5b
shows a contour plot ot the channel dilferential conductance
versus top-gate voltage Vq¢ and source-drain bias Vsp. From
1he slope of the Coulomb biockade diamonds we determine
the encrgy level separation in the dot using (6). For the con-
version factor ¢ we obtain the value o = 0.033eV/V and
therefore & charging energy of the SET of £c = 17.5 meV.
This feads to a total capacitance of € = (QaF. With the
straightforward estimation of a cylindrically shaped island
with the axis perpendicular to the sample’s surface we calcu-

36l
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¥ig. 5. a CB oscillations in & quasi-metallic nanowire showing almost per-
fect periodicity. b CR diamond for the structure measured in {a). From the
slope of the diamond the charging energy of the dot formed inside the wire
can be estimated

late the island diameter Lo be about 70 nm. Presumably, the
real island formed is larger along the wire than perpendicu-
larly to it. Therefore, this value is in good agreement with the
lithographic dimension of the wire.

Fig. 6. Temperatre dependence of the CB oscilkuions shown in Fig. 5a.
‘The oscillations remam visible up w temperatures of almost 100K



62

In Fig. 6. the temperature dependence of the conductance
is presented. The oscillations remain visible up 0 a tew-
perature above 70 K. Since CB should not be affected unless
the (hermal encrgy kpf exceeds hall of the charging cn-
ergy E¢ = ¢ /C. this result suggests a charging energy of
about 15 meV. Furthermore. fitting the shape of the conduc-
tance peaks in Fig. §, one oblains a full-width-hall-maximum
AV);» and finds a conversion factor according o (7) of
a=012eV/V and a charging energy L = 63 meV. These
values differ strongly from the value calculated using the CB
diamond. We helieve that the shape of the peaks is influenced
by the apparent conductivity of the paralicl channel in the
nanowire, leading to Lhis deviation [17].

As ihe doping level of the material is extremely ligh, it is
not reasonable 10 assume that random dopant fluctuations are
able to form single-electron islands inside the nanowires. Pre-
sumably. the pattern-dependent two-dimensional oxidation of
laterally structured SOI devices in combination with the pile-
up effect of Ac-dopants during dry oxidation and edge rough-
ness of the eiched wire leads to the observed SET structure.
In fact, since the thermal oxidation of nanometer-scale curved
structures is extremely sensitive to the geometry, in particular
to the radius of curvature, the oxidation rate can vary signifi-
cantly along a Si nanowire with some edge roughness {19].
Besides. the As piling up in silicon during dry oxidation due
to a segregation coefficient of about {0 [20], presumably also
contributes to a very irreguiar dopant concentration along the
wire. Moreover. the formation of SiAs precipitates has been
observed under similar conditions [21]. Qur observation of
arclatively high parallel conductivity can also be explained in
this picture. suggesting the formation of a SET at one edge of
the wire, whereas at the other edge a wire with olimic conduc-
lance remains.

Althongh we achieve the formation of single metallic is-
lands in the nanowire presented. we also observed the for-
mation of serial arrangements of metallic electron islands.
In this case. the devices show non-periodic conductance os-
cillations and also an obvious response to a magnetic field

g (ns)

Fig. 7. CB ocillations in a gquasi-metallic nanowire, No periodicity is re-
vealed, indicating the (ormation of a serial arrangement of metallic iskands.
ARlhough the oscillations of the single islands are almost not affected by
a magnetic field indicating a very hard potential wall, the tnmel juncrions
between adjucent electron idands in (he serial arrangement show o sirong
influence of the magnene ficld

applied perpendicular to the wire, as presented in Fig. 7. We
believe that the tunneling barriers formed randomly inside
the nanowires by segregation effects are affected by a mag-
netic field in contrast 10 the very hard potential forming at the
Si/S10n interface.

In conclusion. the use of both highly doped nanowires
as well as of quasi-merallic silicon nanowires allows obser-
vation of single-clectron effects up to temperatures of about
100 K. Quasi-inctallic structures allow the observation of al-
most perfect Coulomb blockade, Nevertheless, both devices
suffer cither from poor reproducibility of their etectrical prop-
erties or from high paralle! conductance inside the wires since
it is not possible to deplete these extremely doped struc-
wures near pinch-off. To further improve the functioning of the
quasi-metallic SET devices, one should use geometrically de-
fined quantumn dot structures. Since this demands to reduce
the conductance through the geometrically defined tunneling
barriers, further work 1s needed and is ongoing at the moment.

4 Single-electron tunneling in inversion-channel
quantum dots

In contrast 10 the use of highly doped SOI films. embedding
geometrically defined SET structures into the inversion chan-
nel of SO) field-effect transistors allows us 10 observe CB
oscillations up to very high temperatures [1]. Since the tun-
neling barriers are defined by the geometry, the tunability
of these devices is greatly enhanced in comparison with the
rather random effects found in highly doped nanowires. The
conductance of the barriers can easily be adjusted to fulfil} the
reguirement ol (2), by applying an appropriate top-gate volt-
age. Therefore both problems of high parallel conductances
found in quasi-metatlic wires as well as shallow barrier po-
tential by a random dopant distribution can be solved. On the
other hand. the strong influence of the quantum-mechanical
level separation in these semiconductor guantum dols makes
an application for single electronics more difficult as in the
case of quasi-metallic devices. According to (4) the periodic-
ity of the classical CB is lifted by the influence of discrete en-
ergy levels inside a semiconductor quantam dot in the 10-nm
range.

Although first successful measurements on these kinds of
devices were made on geometrically defined structures |1].
also randomly formed single-electron siructures were ob-
served recently in SOT nanowires [4§ and SOI quantum point
contacts [2}. Alse in quantum point contacts defined by
a2 stacked-gate geomelry in bulk MOS devices using split
gates. single-clectron effects up to temperatures of about 1) K
can be found {22]. The formation of a serial arrangement of
electron islands inside a nanowire can easily be understood
in terins of edge roughness during the fabrication process.
Nevertheless. also in ultrasmali SOf nanowires with widihs
below [0 nm we did not observe clear CB effects. presumably
duc to a reduced edge roughness caused by a betier electron-
beam lithography than reported in the older work [4]. On the
other hand. ajthough many efforts were made recently to in-
vestigate the origin of SET formation in SOI guantum point
contacts | 23], the underlying mechanism remains unclear up
10 NOW.

We prepared geometrically defined quantum dot strue-
tures embedded in SOI-MOSFETS with lateral dimensions of
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Fig. 8. a Gate-voltage-dependent conductance of an inversion quantum dot ar 7 =2 K. Coulomb biockade is observed near threshold voltage. At higher gate
voltages, serial resistances of the source and drain regions become dominant and fead to a saturation uf the conductance. b Coulomb hlockade diamond
af the same strocture. Devigtions from the classical picture expected for metallic CB are ohserved. indicating a complicated energy leve! scheme inside the
semiconductor quantum dot. ¢ CB diamond of a similar quantnm dor structure. Since thi< dot is larger and the CB oscillations oceur at a higher gate voltage,
where the electron number inside the dot is larger, the peak spacings becomes mme regulir

about 20 nm using the fabrication process described briefly
in Sect. 2 |24[. In Fig. 8a, the CB oscillations tin a dot with
estimated lithographical diameter of 20 nm are presented. As
can be also seen in the CB diamond in Fig. 8b, a strong in-
tfluence of discrete energy levels inside the dot leads to a
deviation from the classical petiodicity of the oscillations and
to a distortion of the diamond shape. From the slope of the
diamond and the mean spacing between two adjacent con-
ductance oscillations one can deduce the conversion factor
a=0.101eV/V, the charging encrgy £¢ = 56 meV and. as-
suming a disc shape for the dot. a geometrical dot diameter
of d = 22 um. In Fig. 8¢ the Coulomb-blockade diamond of
a somewhat larger dot is shown. For this dot the conduc-
tance oscillations are visible at higher gate voltages than for
the swaller dot. The above-mentioned calculations now give
o =0.154cV/V, E¢c =41 meV and J == 30 nm. Therefore, we
cun assume that the number of electrons inside (he dot is
larger in this case. which leads to a more classical behuvior
of this semiconductor dot. Consequently, the peak spacings
hecome more uniform.

Since the charging energy ot the smatler dot s found o
be very large and Ec/2 equals approximately a temperature
of 300 K. we expect CB to be visible up to room temperature.
In Fig. 9. the [ — V characteristic is shown for several tem-
peratures. The inset presents the { — V characteristic as well
as the source-drain conductance at 300 K. Since the charging
energy decreases for increasing gate voltage (as can be seen
in a decrease of the peak separation in Fig. 8a), we measured
the / — V characteristic at the relatively low gate voltage of
Vi = 4.5 V. In the regime where multiple conductance peaks

can be found. the lower charging energy does not allow us
to expect room-temperature operation. In Fig, 10, we show
the temperature dependence of the same quantum dot conduc-
tance plotted versus the gate voltage. As can be scen. the first
conductance oscillation remain clearly visible at temperatures
above 100 K, whereas the oscillations at higher Vrg begin

1300 K
150 K
50 K
5 25K
— 200 -100 0 100 200 2K
< Vs (V)
3,
=g .
0
04 -
-0.8 1 PP B 1
-100 -50 0 50 100
Vgp (MV)
Fig, 9, Temperature dependence of the 7 — V chavacteristic of the smaller

quantum dot at a top-gate voltage of Vi = 4.5 V. fuser: clear single-glectron
clieets remain visible at 7 = 300 K
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Fig. 10 Temperature dependence of (hie gate characteristic of the smatler
quantum dot. Since the effective size of the dot becomes Jarger with increas-
ing gate voltage, the oscillations at higher Ve, disappear at temperatures
higher than 100 K

to vanish. In our opinion the higher charging energy at low
Ve in comparison to that al higher Vg can be explained by
a pyramidal shape of the quantum dot structure due to the dry-
etch process and the geometry-dependent oxidation. Inverting
only the top of the silicon islands leads to a smaller ‘elec-
tronic” dot diameter and therefore to a lower capacitance 1o
the top gate.

In conclusion. single-eleciron transistors built into the in-
version channel of a SOI-MOSFET enable a better control
of the wnnel barriers compared to doped silicon nanostruc-
tures, which is mandatory for high-temperature operation of
SET devices. In this way. SET devices operating at roon; tem-
perature become feasible. However, for these, the electronic
propertics such as the conductance peaks’ periodicity are siill
harder (o control than for the metallic counterparts.

5 Suspending silicon nanostructures: a novel approach
for nanomechanics and nanoelectronics

Underetching of lithographically defined SOI nanostructures
leads to a suspension of the single-electron devices and there-
fore to a thermal decoupling from the silicon substrate, The
buried oxide is removed locally in buffered hydrofluoric acid
and. to avoid damage during the drying process. we em-
ploy a critical-point drier. The exact fabrication process is
described in detail elsewhere [25]).

In Fig. I a SEM micrograph of our so far smallest sus-
pended stlicon wire 1s shown. This wire is made out of highly
doped SO has a width of 24 nm. a thickness of about 80 nm
and a length of 800nm. Similarly to the effects described
in Sect. 3. single-electron effects are visible in these wires
at low temperatures due to random dopant fluctuations . In
Fig. 12a. we present the conductance of a 30 nm x 140G nm
(cross-section) suspended wire measured at 7 = 2 K. Since
it is not possible up to now to reduce the dimensjons of
these structures below 20 nm, high parallet conductance is
present leading to a relatively large offset in the conductance
measurement, In addition to the common minimum in the

e
HOOHm ——

x5 G0D

Fig. 11. SEM micrograph of a suspended silicon nanowire measuring only
24nm x 80nm x KOO pm (width x thickness lengthy. Below the silicon
nanosueture. the remaining buried oxide 1< visible, which functions as the
mechanically supporting structure. The side gate was defined in arder 10
control the conductance of the highly doped nanowire

conductance at zevo bias. a strong modulation of the conduc-
tance at higher source-drain voltages is visible. Although the
mimimum at zero bias disappears with increasing tempera-
ture and is almos( not visible at temperatures above 20 K. the
coarse modulation remains visible up to temperatures above
100K as shown in the contour plot of Fig. 12b. This mad-
ulation is also insensitive 10 magnetic fields up 1o 12T (not
shown here), At the moment. we do not completely under-
stand the electrical behavior of these suspended wires. Work
in progress shows other features in the / — V curves of sus-
pended wires and also in geomerrically defined suspended
dots that have not been found in experiments on similar non-
suspended structures. Details of these results wil] be pub-
lished elsewhere | 26].

Applying a side-gate voltage to the suspended nanowires
leads 1o 2 reduction in the conductance but does not totadly de-
plete the highly doped structure, A future improvement might
be achieved by depositing a metallic layer on top of the side
gate in order to obtain a better gating effect and presum-
ably deplete the whole wire. We believe that. similarly to the
measurements presented in Sect. 3. the observation of CB os-
cillations in these suspended nanowires should then become
feasible. These devices could then allow us 1o investigate CB
effects in thermally decoupled structures. Moreover. using
a setup according to | 27[. it should be possible to excite vibra-
tional modes in these suspended wires. In this setup. @ high-
frequency curremt is fed into the device located in a perpen-
dicular magnetic field where the Lorentz force leads to an
oscillation of the suspended wire. In the case of a quantized
periodic movement of the wire with respect to the side gate
additional conductance peaks in the gate-dependent conduc-
tivity should be observable |28]. Moreover., by cooling these
structures down to temperatures in the mK regime. phononic
effects on the single-ciectron tunneling will be investigated.

A possible use of suspended nanostructures lies in the
field of high-power applications, eventuaily as suspended
FETs. In fact, in our experiments at a temperature of 2 K.
the devices were destroyed only after feeding an electrical
current through them associated with a power dissipation in-
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Fig. 12. a Conductance of a suspeaded nanowire similar to that shown in
Fig. 1. but measuring 0 nm x 140 nm, The minitmum at 7ero source-drain
bias indicates the formation of mudtiple-tunnel junctions (MTJ) inside the
doped wire. b The additinnal structure at higher bias remains unaffected
even at temperatures above 100 K

side the suspended part of the nanostructure of 0.3 TW/cm™3,
The mechanisms of electrical robustness of these suspended
nanostructures constitute a topic of further research.

6 Summary

In this review we present measurenients on single-electron
devices fabricated in highly doped SOl and in quasi-metallic
SOtand the operation of inversion field-cffect structures. All
the presented devices show single-clectron effects such as
Coulomb blockade. Their electrical properlies are compared.
Silicon quanturn dots in SOI-MOSFET< are the most promis-
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ing candidates for room-temperature  operation.  whereas
quasi-metallic structures allow a better control of the con-
ductance oscillations” periodicity. We have further proposed
and demonstrated a novel kind of silicon nanostructure: the
suspended SET transistor. Suspending a highly doped sili-
con nanowire or a geometrically defined dot. one can observe
single-electron effects in thermally decoupled nanostructures.
These devices allow a new cluss of experiments investigating
the combinalion of phonon quantization and single-electron
tunneling.
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