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Coulomb blockade in quasimetallic silicon-on-insulator nanowires
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Using highly doped silicon-on-insulat¢8Ol) films, we demonstrate metallic Coulomb blockade in
silicon nanowires at temperatures up to almost 100 K. We propose a process that leads to island
formation inside the wire due to a combination of structural roughness and segregation effects
during thermal oxidation. Hence, no narrowing of the SOI wire is necessary to form tunneling
contacts to the single-electron transistors. 1@99 American Institute of Physics.
[S0003-695(199)03549-4

Single-electron transisto(SETSY in silicon-based semi- mon, leading to a mean distance between two dopant atoms
conductor nanostructures offer the interesting possibility tf 4.6 nm, our samples have a nominal doping level of
combine well-established silicon technology with the physi-10?tcm 3. This leads to a mean distance of only 1 nm.
cal concepts of SETs. In contrast to quantum-dot devices imherefore, the distribution of dopant atoms can be assumed
high-mobility GaAs/AlGaAs heterostructures, where theto be much more isotropic for an unprocessed wafer. The
depletion length of the two-dimensional electron system lim-electron number in an ideal dot fabricated from this material
its lateral dot sizes to about 100 nm, the use of silicon-onwith dimensions of about 50 nm is estimated to be abo#it 10
insulator(SOI) structures with ultrathin silicon films leads to The unprocessed SOI wafers had a silicon film thickness
structure sizes down to a few 10 nm. Since the capacitancef 50 nm with As ion implanteddose 2<10®cm 2 at 10
between the quantum dot and the controlling gate structurkeV) and a buried oxide thickness of 400 nm. The doping
determines the temperature range in which the SET reliabljevel was determined by Hall measurements to be about 5
operates, the miniaturization of SET devices is the most dex 10°°cm™3, suggesting that not all dopants were activated
manding goal for future device applications at room tem-during the annealing process in a rapid thermal annealing
perature. (RTA) chambef In order to obtain thinner silicon films, a

To date, two different approaches to realize ultrasmalkhermal oxide was grown in the RTA chamber on the SOI
SOl SETs have been implemented: Leobandanhgl" and  wafers with a thickness of about 44 nm, consuming 20 nm of
otheré® used an inversion field-effect structure combinedsilicon. In the remaining 30-nm-thick, highly doped silicon
with lateral patterning of the SOI film and a source/drainfilm we defined a mesa structure with alignment marks for
implantation. Although Coulomb blockade is observed, athe following electron-beam lithography step using conven-
strong contribution of the large quantum-mechanical energyional photolithography and dry etching with €FUsing
spacing levels crucially offsets the classically expected perihigh-resolution low-energy electron-beam lithography and
odicity of the conductance peaks. According to the canonicalhe negative electron resist calixarénge succeeded in pre-
theory of Coulomb blockade for SETs, the large number ofparing silicon wires with a lateral extension of about 15 nm
electrons inhibits the separation of discrete energy Ievels@y reactive-ion-beam etching with GFThe etched silicon
and the charging energy for adding one electron to the SE&trycture is passivated by the growth of a low-temperature
is ideally not perturbed by the single-particle energy states.(950°C, 16 min silicon oxide of about 15 nm thickness

The second approach focuses on the use of highly dope@jiowed by depositing 70 nm Sigon top of the sample by
SOl films and lateral structuring to obtain SOI wifeSIn  passive or active sputtering. Finally, a metallic top gate and
these devices, quantum-dot-like structures are naturallygng pads are evaporated. Figure 1 shows a schematic draw-
formed by the randomly occurring fluctuations of the dopanting of our device and in Fig. 2 a scanning electron-beam
concentration. Usually, these lead to some serial SET StruGnicroscope SEM) picture of an etched, but not yet oxidized,
ture and, consequently, these devices mostly lack a clear PGuantum wire is shown.
riodicity of the observed conduction peaks. The temperature-dependent conductance of these silicon

In our approach, the use of well-established SOI technolyires was measured in %de bath cryostat with a variable
ogy is combined with the fabrication of quasimetallic SETSemperature insert, allowing continuous operation from 1.5
by extremely high doping of the SOI films. This is of funda- {5 200 k. Figure 8a) depicts the conductance of a 50-nm-
mental importance since metallic SETs offer many similarije nanowire at a temperature of 4.2 K as a function of
charging states and, hence, a broad range ofgoperatmg POINtgplied gate voltage. Oscillations with a clear periodicity are
Whereas earlier doping levels of about€m™* were com-  gheeryed, indicating the metallic nature of the SET. On the
other hand, the high offset in the valleys of the conductivity
¥Electronic mail: armin.tilke@physik.uni-muenchen.de indicates parallel conductance, as will be discussed later. In
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FIG. 1. Silicon-wire single-electron transistor in a highly doped SOI film. 8-6 l 12 0
After passivation of the etched structure by growing a thin thermal oxide, a ()
70-nm-thick SiQ gate oxide and a metallic gate are deposited on top of the
structure.
-5.6
Fig. 3(b) we display a contour plot of the channel differential —
conductance versus top-gate voltagg and source/drain '
bias Vgp. From the slope of the Coulomb-blockade dia- <
monds, which are only weakly pronounced due to the paral- = 487
lel conducting path, we determine the energy-level separa- =
tion in the dot using the conversion factor 4.4
a=5,u,(N)/5VG=%edVG‘<>/dVSD, (1)
-4.0°

with the chemical potentigl(N) of the dot charged witiN -10 0 10

electrons and/g ., the edge of the diamond in Fig(t8. We (0) Vsp(mV)

obtain a value oflx=0.033 eV/V and a charging ener@¢

=17.5meV. This leads to a total capacitance ©f FIG. 3. (@ Coulomb-blockade oscillations in a highly doped 50-nm-wide
_ 10', 17 W h th ight-f d . . f i silicon nanowire at 4 K. The peaks are almost perfectly equidistant. The
T - Wit .t e stra!g t- orwgr eSt'maF'on OF a CyliN-inset shows the distribution of the peak spacing, being very close to 0.5
drically shaped island with the axis perpendicular to the sury. (b) Coulomb-blockade diamond: the slope of the diamond allows the
face, we calculate the island diameter to be about 70 nnralculation of the level charging energy.

Presumably, the real island formed has a larger extension

along the wire than perpendicular to it. Therefore, this value 5kgAT

is in good agreement with the dimensions found in the SEM  @= marcoshﬁ. i)
micrographs. _ _

In Fig. 4 the temperature dependence is presented: Th&/€ obtain @~0.12 and a charging enerdgc=63 meV,
oscillations remain visible up to a temperature above 70 KWhich differs strongly from the value calculated using the
Since the Coulomb blockade should not be affected unlesgoulomb-blockade diamond. We believe that the shape of
the thermal energkT exceeds half of the charging energy the peaks is influenced by the apparent conductivity of the
Ec.=e?/Cy, this result suggests a charging energy of abouparallel channel in the nanowire leading to this deviation.
15 meV. Furthermore, fitting the shape of the conductance ~Generally, the formation of SETs inside doped silicon-
peaks with a full width at half maximum\V,, in Fig. 4, we ~ Wire structures is attributed to random fluctuations of the
can also find a value fow and, therefore, for the charging doping level inside the silicon film, causing lateral electric-

high, it is not reasonable to assume that this effect causes the

deviation in our device. Presumably, the pattern-dependent
two-dimensional oxidation of laterally structured SOI de-

x130000 200nm 10kV fmm

FIG. 2. Scanning electron-beam micrograph of an etched, but not yet oxi-
dized, and gated silicon wire. The lateral dimensions can be scaled down #6IG. 4. Temperature dependence of the conductance peaks—the oscillations
about 15 nm. remain visible up to more than 70 K.
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vices in combination with the pileup effect of As dopantstion cannot be ruled out. The metallic properties and the
during dry oxidation and edge roughness of the etched wiremall capacitance of these devices place them in the range of
lead to the observed SET structure. Since the thermal oxidanterest for device applications.
tion of nanometer-scale curved structures is extremely sensi- ) o )
tive to the geometry, in particular, to the radius of curvature, 1 he authors would like to thank L. Pescini and F. Sim-
the oxidation rate can vary significantly along a Si wire with M€l for stimulating discussions and support. The authors ac-
some edge roughne¥sSince As piles up in silicon during knowledge financial support from German ministry of sci-
dry oxidation due to a segregation coefficient of about®0, €Nce(BMBF) Contract No. 01M2413C6.
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