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Single-electron tunneling in highly doped silicon nanowires in a dual-gate
configuration
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Lateral patterning of highly doped silicon-on-insulator films allows us to observe conductance

oscillations due to single-electron charging effects. In our devices, silicon nanostructures are
embedded into a metal—-oxide—silicon configuration. The single-electron effects can be tuned both
by an in-plane sidegate, as well as by a metallic topgate, a technology which is compatible with
large-scale integration of single-electron devices with dimensions down to 10 nm. We compare the
influence of different gating electrodes, important for ultralarge scale integration, on the electron

islands. © 2001 American Institute of Physic§DOI: 10.1063/1.1368399

I. INTRODUCTION field effect transistor. This allows us to control the conduc-
tance oscillations of the nanowire by varying both the top-

Single-electron tunneling in silicon nanostructures hasyate voltage as well as the in-plane sidegate voltage.
attracted considerable interest during the last few years. Due

to the possible integration of these structures into standard

complementary metal—oxide—silicofCMOS) processes,

these structures are believed to be promising candidates fb FABRICATION OF HIGHLY DOPED SILICON
future device applications. Using silicon-on-insola{&Ol) NANOWIRES

systems allows in addition a relatively simple fabrication of  \ye start fabrication of these silicon nanostructures by
these structures by lateral patterning of SOI films. Up to

: _ arsenic ion-implantatiofdose 6.X 10"cm™2, 20 keV) fol-
now, several types of single-electron devices based on SQ}\aq by rapid thermal annealing at 1000 °C for 30 s. In

. 5 . . . .
have been reahze?d‘, leading to first smgle—s?:gctron ransis- qrder to obtain thinner silicon films, a sacrificial thermal ox-
tors (SETS operating up to room temperaiure. ide is grown on the upper Si layer with a thickness of about

Smith et al® fabricated conducting silicon nanowires 50 nm by rapid thermal oxidatiofRTO), consuming 25 nm
with lateral dimensions down to about 50 nm using highly ¢ jlicon. After etching the oxide in buffered HF we define

doped SOI material. They resolved conduction peaks by mesa structure in the remaining 25 nm thick silicon film
changing the voltage applied to an in-plane sidegate, alsg;y, alignment marks for the following electron-beam Ii-
defined in the highly doped SOI film. Although the mean ,,qraphy step using conventional photolithography and re-
peak-to-peak spacing was constant in subsequent galgive jon etching(RIE) in CF,. Employing low-energy
sweeps, both the exact peak positions as well as the pe@ffaciron-beam lithography with the electron resist calixarene,
amplitudes differed from run to run. This observation can que succeeded in defining nanowires with widths down to 9
interpreted in terms of the formation of randomly distributednm, shown in Fig. £° The exposed resist is then used as an
electron islands separated by tunneling barriers formed b¥i-h mask in an RIE process, which removes the unprotected
dopant fluctuations inside the nanostructure. Since usually &jicon layer down to the buried oxide. Large contact regions

serial arrangement of SETs is formed, no exact periodicity of, o protected by a photoresist masking during the RIE pro-
the conduction peaks can be found in these structures.

enhancement of the Coulomb gap has been observed in the o subsequently grow a thin thermal gate oxide with a
case, where the highly doped silicon nanostructure is almosfickness of about 5 nm at 950 °C in order to passivate the
depleted by the sidegate voltag&his behavior is atiributed  giched structures and to anneal damages of the etching pro-
to the formation of space-charge regions in series with theegs near the structure’s surfaces. A 50 nm thick oxide layer
tunnel barriers formed by random dopant fluctuatidme- s then deposited either by chemical vapor deposition or by
cently, single-electron effects in vertical SETs were alsosputtering. Finally, a metallic topgate is provided by evapo-
observed. , , , , . ration or sputtering.

In the present article we investigate highly doped silicon 114 sample geometry is as follows: The in-plane side-

nanowires similar to those reported by $Wﬁl.3 Inaddi-  gate is located at a distance @f 95 nm from the nanowire
tion to the common sidegate configuration in this work, we,, lengthl =500 nm and width of abouv=10nm and is
embedded both the highly doped nanowire as well as agmpedded in the gate oxide. The metallic topgate is located
in-plane sidegate in the gate oxide of a conventional MOSyqve hoth the wire and the sidegate. The total gate oxide
has a thickness of abodt=55nm. The silicon film thick-
¥Electronic mail: bert.lorenz@physik.uni-muenchen.de ness after thermal oxidation is estimated to be about
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FIG. 1. Nanowire with a width of 9 nm defined in calixarene. This etch 60 [ "
mask is transferred into the substrate. Shrinking of the silicon structure by | !
thermal oxidation enables fabrication of silicon structures in the sub-10 nm 50 !
regime. !
o 40
2 !
=25nm. A sketch of the cross section of the device is given @ 30
in Fig. 2. 20
ll. MEASUREMENTS 10
In Fig. 3 we show the conductance of the wire defined as 0 >
g=dlp/dVsp as a function of topgate voltagérs at a tem- -20 -15 -10 -5
perature 2 K with Iy the drain current and/gp the Vie (V)

source—drain voltage: Almost periodic conductance peaks

are observed. Similar to the observations reported by SmithiG. 3. Single-electron effects in a highly doped, 10 nm wide silicon wire at

and Ahmed the absolute position of these peaks as well ag =2 K as a function of the topgate voltaifgs . Although almost periodic

their amplitude are not stable in time. It was therefore no,f:onductance oscillations can be found, both the peak amplitudes as well as
. . . the exact peak positions differ between subsequent gate sweeps.

possible to resolve a clear Coulomb blockade diamond re-

quired to derive the conversion factardefined by

a=eCg/C (1) spontaneously formed electron island as a function of gate

. ) ) voltage, we used a conversion factar=50 meV/V, ob-
with the gate capacitand@g for an arbitrary gate electrode ggryved in similar structures.

and the total capacitand¢@ of an electron island assumed to Using this value and assuming the conduction peaks to

have formed spontaneously in the nanowire. The conversioge Coulomb-blockadéCB) oscillations in randomly formed
factor « is required to evaluate the gate capacitance, since fhetallic islands inside the wire, we derive a charging energy
relates to the Coulomb charging enetigy defined by of Ec~0.7meV. This value clearly is too small to result
Ec=aAVg, ) from only one electron island with a lateral dimension of
, i . o ~20 nm. Also the temperature dependence of the nonlinear
with AV being the period of the conductance oscillations as;orce—drain characteristics shown in Fig. 4, as well as of

a function of topgate/¢ or sidegateVsg voltage, respec- e gate characteristi¢aot shown hereclearly contradict a
tively. In order to derive the Coulomb charging energy of thecharging energy below 1 meV. Since CB should vanish
when the thermal energy exceeds about half of the charging
energy, no effect of single-electron charging is expected to
remain visible above 4 K. We therefore interpret our results
in terms of the formation of multiple tunnel junctiosITJ)
similar to Ref. 3. Here, regions with low conductivity are
formed by random dopant fluctuations. Assuming statistic
d=55nm dopant fluctuations to be proportional {&y with the donor
concentratioNp ,* these fluctuations should only be around
10 donors per crh Since both common dopants for sili-
con, As and P pile up during dry oxidation with a segrega-
tion coefficient of about 1&? the dopant fluctuations due to
FIG. 2. Sketch of the device: The in-plane sidegate is located at a distancsegregation effects should be dominant in the process of
a=95nm from the silicon nanowire with a width=10 nm and a length of - \[TJ formation. Since the geometry of nanoscale structures
=500 nm. The silicon film thlc_kness_ is gstlmated to bg aUUgQS nm. is very important for the oxidation raté edge roughness
Both structures are embedded into $j@cting as gate oxide with a thick- T
ness ofd=55 nm. On top, a NiCr/Au gate is located, controlling the electric Presumably can lead to a strong modulation of dopant con-
potential in both the nanowire and the sidegate. centration along the oxidized silicon nanowire. In terms of

top gate
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FIG. 4. Temperature dependence of the-Vgp trace. The wire shows a sk i
distinct nonohmic behavior at temperatures up to 20 K. Single-electron ef-
fects remain visible only weakly up to temperatures of about 20Gde
insed. 4F T
2k .
MTJ no charging energ¥. can be defined since electron 0 i " ", nam . ..
tunneling occurs as a series of sequential tunneling events 0 50 100 150
through a serial arrangement of tunnel junctions. Neverthe- Peakspacing (mV)
less, the good periodicity found in these structures still re- o . o
mains a striking result. FIG. 6. Distribution for the peak-to-peak spacings found in Figs. 3 and 5.

. h | | inch ﬁ:The histogram in Fig. @ shows the distribution fo¥;g, in Fig. 6b) the
By setting the topgate voltage to a value near pinch-o curve for Vgg is shown. The curve in Fig. (B) clearly shows a larger

one can also observe conductance oscillations in our devic@goadening than the plot in Fig(#. The standard deviation for the distri-
by changing the sidegate voltaykg (Fig. 5. This allows  bution in Fig. &a) is o1g=0.32 and in Fig. f) osc=0.43.

one to minimize the controlling sidegate voltage that is of
special importance for possible applications of these devices
in integrated circuits. Since the conversion factois not
equal for the topgate and the sidegate, the mean period of the
conductance oscillations changes when controlled by the dif-
ferent gates. Additionally, the oscillations as a function of
the sidegate voltag¥sg seem to be not as periodic as con-
trolled by V;s. In Fig. 6 we compare the distribution of the
peak spacingsAVis and AVge from the measurements
shown in Fig. 3 and Fig. 5. In Fig.(8 the distribution for
AVqg is shown and in Fig. ®) the distribution forAVgg is
shown. It is clearly visible that the distribution of the peak

g (uS)

35_ spacing is broader when the oscillations are controlled via
30} the sidegate. The standard deviation for the distribution in
Fig. 6(b) 055=0.43 is larger thar;5=0.32 in Fig. &a).
25 i Formation of MTJs inside the silicon nanowire by apply-
& 20} ing a negative topgate voltage also depletes the silicon side-
e - gate. Since the dimensions of the sidegate are of the order of
@ 15F 100 nm it is reasonable to assume the formation of strong
10'_ potential fluctuations also inside this highly doped silicon
. structure. These potential fluctuations are modulated by
Sr changingVgg since the voltage between the sidegate and
0 topgate is then also varied. This change in the potential land-

scape of the side-electrode by sweepifig; can therefore be
Vgs (V) made responsible for a stronger variation of the peak—peak
spacing for the conductance peaks as a functiolW&f in
FIG. 5. By controlling the electrostatic potential of the wire via an in-plane comparison to that controlled By .
sidegate (_:ont_:|uctaqce oscillations can also pe o_bserved. The mean penot_j of Since the operating point of common CB devices as well
these oscillations differs from that observed in Fig. 3. The topgate voltage in . .
this measurement i¥;;=17.5V, which allows low sidegate voltages to as of conventional MTJ structures has to be controlled via

control the CB oscillations. one gate voltage and is usually not reproducible for different
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devices'* the possibility to control the electric properties of film. The distribution of the conduction peaks as a function
these structures via two independent electrodes is of greaf Vgg displays a larger standard deviation than that con-
importance. In our approach, the fabrication of larger singletrolled by V1¢. This can be interpreted in terms of random
electron circuits becomes feasible by setting each individugbotential fluctuations inside the side electrode changed by
silicon nanowire to its operating point via eithég; or Vg bothVgg andV+¢. Since single-electron devices commonly
and controlling the switching state of the wire by changingsuffer from the poor reproducibility of the operating point,
the other gate voltage. the possibility to control their electrical properties via two
In order to achieve a better understanding of these dualates is of special importance for future applications. Fur-
gate structures, we compare the capacitances between rahermore, setting the topgate voltage to a value near pinch-
domly formed electron islands within the silicon nanowire off allows one to minimize the controlling sidegate voltage
and the topgate and sidegate, respectively. The ratio betwedimat is of special importance for possible applications of
these capacitances can be easily determined by comparitigese devices in low-power integrated logic circuits.
the mean peak-to-peak spacing in Figs. 3 and 5. The total
capacitanceC of such an island can be written both in terms ACKNOWLEDGMENTS
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