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Silicon nanopillars for mechanical single-electron transport
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Nanomechanical systems have been shown to accurately regulate the flow of electric current. We
present the concept and demonstrate experimental operation of a vertical electromechanical
single-electron transistor. The device is fabricated from silicon forming a nanopillar situated
between source and drain contacts. The advantage of this concept is its straightforward
manufacturing, which only includes two processing steps: Electron-beam lithography and reactive
ion etching. The device operates at room temperature and at frequencies in the range of
350—400 MHz. A theoretical model of the operation of this device is given, explaining qualitatively
the obtained experimental data. )04 American Institute of Physic§DOI: 10.1063/1.1759371

Mechanical resonators manufactured at the nanometeather than a sole dc bias, since the large mechanical stiffness
scale operate at frequencies in the high-frequency/very highpresent in NEMS inhibits the dc-self excitation as proposed
frequency rangeand, more recently, in the GHz domdin. by Gorelik et al° Moreover, application of an ac-signal al-
Apart from realizing nonlinear dynamitsand chaotic lows excitation of the nanopillar resonantly in one of its
responséin this radio-frequency regime, these so-called na-eigenmodes. The device itself is mounted in a probe station,
noelectromechanical systerfiSEMS) not only promise ex- providing vacuum condition for a reproducible and con-
perimental insight into quantum aspects of mechanicairolled environment of the pillar. This also removes water
systems, but are also lending themselves to applications inand solvents which may have condensed at the surface of the
communication and information technolo§yIn this letter, NEMS.
we focus on the electrical current achieved by such NEMS, The basic concept underlying the device is its excitation
as demonstrated by Erbet al® Charge transport by me- via the excess charge present on the shuttle. This charge
chanical means is intrinsically coupled to the dynamic prop+esults in a resonant Coulomb for¢RCF within the ac
erties of the mechanical system, i.e., to its resonant responsgource-drain field, which, in turn, causes mechanical oscilla-
This concept consequently allows mechanical clocking ofion if the ac frequency matches the frequency of a mechani-
electron tunneling in nanoelectronic devices and lets mecal eigenmode. Hitherto employed excitation mechanisms,
chanical resonators act as low-loss filters for ac sighals.such as magnetomotive driving, are not applicable for mass-
Here, we present a mechanical transistor machined as a siffroduction devices due to the high magnetic field density

con nanopillar shuttling single electrons at 0.4 GHz.
A mechanical degree of freedom in nanostructures is (a) i
i Vac
4

usually obtained via the sacrificial layer process. This pro-
cess includes a combination of anisotropic dry etching and
isotropic selective wet etching, involving hydrofluoric acid
and high-pressure liquid carbon-dioxide dryighe present
device is manufactured in a two-step process: First, nanos-
cale lithography using a scanning electron microscope
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(SEM), and, second, dry etching in a fluorine reactive ion (b) 1 )
etcher(RIE). The lithographically defined gold structure acts

as both electrical current leads and etch mask for the RIE. A fy =367 Mhz X
simple geometry defined by the SEM consequently results in \

the free-standing isolating nanopillar of intrinsic silicon with
a conducting metalAu) island at its togd see Fig. 1a)]. This

island serves as the charghuttle _ . o N
The metal island and the nanopillar are placed in thé:.lG' .1. (a) SEM micrograph and ex_perlmen_tal circuitry of the S|I|con' nano-
pillar: At sourceS, we apply an ac signal,. with a superimposed dc biads

center of two facing electrodes, denoted by souBcand  ang detect the net currehy at drainD with a current amplifier. The third
drain D. For excitation, we employ an ac voltage at source electrodeG is floating. (b) Finite element simulation of the base oscillation
mode which compiles for the nanopillar =367 MHz. (c) When the
island is deflected toward one electrode, the instantaneous voltage bias de-
dAuthor to whom correspondence should be addressed; electronic maitermines the preferred tunneling direction. Cotunneling is absent in this
dominik.scheible@Imu.de case, due to an increased distance to the opposite elec¢txgde
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FIG. 2. (a) and(b) Measured spectral drain currdpf vs source frequency -1.5 1 LI
f for two nanopillar devices. I(a), powerP ranges from 0 to+-10 dBm and 201 V(my) —» L

in (b) from +2 to +8 dBm. The resonance frequencies b&aé= 369 MHz T T T T
-60 —40 -20 0 +20 +40

andf{’=399 MHz. (c) Phase relations of pillar deflection and source—drain

bias. For a driven harmonic oscillator the phase dagaries from 0 to—m k15 3. (3 Tuning of the current resonance by a superimposed dc\hias
and assumes m/2 for resonancef(=f). In this cas(ii), maximumisland  poi negative and positive current response are entirely detuned by the
deflection occurs at the moment when the voltage bias vanishes, and hengesyective bias. This is a further test of the excitation of the shuttle via the
no net current flows(i) and (iii) show the case$<f,, and f>f, respec-  RcE (b) Negative (lower tracé and positive(upper trace peak currents
tively. In (iii), a small superimposed dc bias reducs-Q) or increases IB%3kys dc biasV. The traces represent a section of the entire set of current
(V<0) the phase shiftdotted lines. spectra at frequenciefg ~374 MHz andf§ ~382 MHz.

required(~12 teslas In addition to this, our device needs H ¢ behavior i v infl db
no cryogenic cooling and operates at room temperature. he currelnt_ reqtl)Jency € ﬁv'or |shstr0_ng|y In _uenced %
When the shuttle is deflected to one electrode it ex!'€ Phase relation between the mechanical motion and the

changes electrons across the tunneling barrier between islaﬁ!}ecm_cal ac b_|as. In the case Of_ a harmonl_c oscill D),
and the respective electrode. As the deflection toward ong1e driven entity follows the applied force with a phase lag of
electrode causes the distance between the island and the r'f
s, 3
e ¥

other electrode to increase, only one tunneling barrier has to  ¢y(f ) =arcta
be considered at a time and no cotunneling octtiBuring

this deflection, the shuttle exchanges charge carriers with thgijth the dynamic damping and the resonance frequenfgy
electrode:N electrons tunnel off the island aM electrons  of the HO when no damping is preséftEor excitation of a
tunnel onto the shuttle. The respective amotendM are  mechanical eigenmoda of the nanopillar, the phase lag
determined by the instantaneous electrical Hisse Fig. equals¢=— /2, i.e., maximum deflection occurs when the
2(c)]. The detected curreiht, is given by the net number of 5¢ pias vanishe§see Fig. 2)]. For an ideal system, we
transferred electrons times the shuttle frequeincy accordingly expect a zero net currely=0 for f=f, .
Ip=gef(N—M)=gefn (1)  Above and below the resonance frequeiigy the phase lag
approaches—7 and zero, respectively. Depending on the

wheree is the electronic charge arglaccounts for a statis-  gjgn of the excess charge we find either a positive current
tical limitation for the case that deflection does not sufficeg, f>f, and a negative current for lower frequencies, or

for charge transport each cycle. vice versa.
For the excitation via RCF, it is necessary that the shuttle  \ne have carried out the basic measurement of the

sustains a certain excess charge during oscillation. This iéurrent—frequency response for a couple of devices showing
ensured by a mechanical asymmetry that strongly favors ongmijar pehavior at slightly different eigenfrequencigs.
tunneling barrier at which the shuttle can be reset to the samgyis variation is explained by the different height and waist-
charge state each cycle. If we assumelectrons present on ine of the pillars. Via a finite element simulatidhpoth the

the shuttle for the time period when both tunneling barriersypsoute resonance frequencies and variations were repro-

are closed, the RCF calculates as duced[see Fig. {c)]. The current traces, for a set of ac
¥, sin(2ft) powersP are plotted in Figs. @) and Zb). Highest current

Fredt)=me d , (2 amplitudes correspond to a transported net amount of elec-
SD tronsn<2 after Eq.(1), which well satisfiesi<m. For the

with the ac amplitudeV,, and the source—drain distance two samples, the negative and positive peak current differ by
dsp. For stable operation, the relatioN{ M)=n<m must a factor of 2 and 5, respectively. Mechanical asymmetry and
hold. Via a finite element simulatio?,we can estimate the inhomogeneity of the effective electric field destroy the
electrode-island capacitance to B6g,~10 aF. This results phase relation of an ideal HO, and hence cause the asymme-
in a maximum excess charga~24 electrons, causing a try of the peaks. Furthermore, maximum deflection occurs at

force of 7 pN at an incident ac power Bf= +5 dBm. a frequencyfy <f,, when a finite damping is present.
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The mechanism of RCF can be tested in the presertheless, operation of nanomechanical electron shuttles in the
setup via a superposition of a dc bsonto the ac voltage regime of Coulomb blockade, even at room temperature, ap-
V.{t). This is accomplished by a bias-tee which is placed inpears within reach for a smaller pillar.
between the device and the signal generator. The dc bias ) ) )
shifts the voltage sine o (t) up and down relative to the The authors would like to thank C. Weiss for usefu_l dis-
zero base lindsee Fig. 2c)]. As long as this bias is small cussions, and J. P. Kotthaus and D. W. van der Weide for
compared to the ac amplitudé,., the main influence is a (heir support. One of the autho®.V.S,) gratefully ac-
mere shift of phase between deflection and the effectivénowledges financial support by the Deutsche Forschungsge-

source—drain bias. As a result, we are able to tune the neg€inschafDFG) under Grant No. BI-487/1-3.
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