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Abstract

A new nanoelectromechanical device is introduced, useful for quantum electromechanics. The
focus will be on single-electron transistors with a mechanical degree of freedom. The technical
approach as well as the experimental realization of a mesical mechanical single-electron
tunneling device are discussed. This transistor is fabricated in a semiconductor material, forming
a renopllar between source and drain contacts. This concept can readily be transferred to large
scale fabrication, being of importance for building integrated sensors and amplifier stages for
guantum electromechanical circuits. Operation of the device at room temperature in the frequency
range of 350-400 MHz is presented. A straightforward theoretical model of device operation
is given.
© 2004 Elsevier Ltd. All rights reserved.
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The integration of a mechanical degree of freedom into nanostructures now allows one
to lay out circuits for nanoelectromecheal systems (NEMS) promising a wide range
of applications in sensor and communication electronic?]. Mechanical resonators
manufactured with nanometer dimensions oscillate at radio frequengjear{d are
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Fig. 1. (a) The circuit diagram for theegltromechanical single-electron transistors (emSETS): as for conventional
SETs the metallic island in the center is connected to thedegala parallel combination of tunneling resistance
and lead/transistor capacitance. In addition, diagonakliwith different orientations have been added. These
indicate the ‘mechanical’ cross-coupling of the barriBrgr (x), C/r(X); i.e once electrons tunnel through the
left barrier, tunneling through the right barrier is sumz®. As an inset, the finite element simulation of the
island at the end of an oscillating pillar is shown. The ground mode is found to bg &t 367 MHz. (b) A
high-resolution scanning electron beam pictunel ghe experimental set-up. At the source cont&tan AC
signal is appliedVac, with a superimposed DC bia¥,. Thenet current|p, is deected at the drain contatb)

with a current amplifier.

entering the GHz domaind]. As regards control of non-linear dynamics, [6] and
dissipation }] of NEMS at radio frequencies, tremendous progress has been achieved.
Moreover, NEMS promise experimental insight into quantum aspects of mechanical
systems. The level of device sensitivity achievable already supports terming the field
‘quantum electromechanics’ (QEMJ]

Here, we want to give a specific example ofcuait already implemented. The approach
promises to satisfy industrial demand for highly integrated and robust electromechanical
circuits and the research driven quest fprantum limited displacement detection. The
concept basically relies on combining nareshanical resonators with single-electron
transistors (SET). In the first versions of this circuit we combined cantilevers and fabricated
SETSs on the tips of thes®,[10], forming a so-called elemmechanical SET or emSET.

To achieve this we began with traditional NEMS fabrication by using optical and electron
beam lithography of layered silicon substratesoirporating a sacrificial layer. The very
first success was in proving that electron tufting can be mechanically chopped at
radio frequencies in the range of 10-100 MH. [This shuttling of electrons by a
mechanical switch can be representedospiually as in the circuit diagram &fg. 1(a).

As known from work on single-electron tunneling, the barriers of the electron island to
drain and source are represented by a parallel combination of the tunneling resRtance
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and the junction capacitan€e However, sige we are dealing with echanically flexible
tunneling barriers the notation is slightly different. This is indicated by the diagonal lines
through theR/C boxes. These two lines are not parkltelating to the fact that once the
left (source) junction is tuned mechanically into the open state, the right (drain) junction
will be opaque. In the following, we will demonstrate a new concept for manufacturing and
operating a silicon nanopillar switching singééectron flow, similar to an electron shuttle,

at 0.4 GHz. The main difference from the ‘classical’ version is found in the vertical and
thus highly integrated approach.

The nanomechanical switch operates in the radio-frequency range. The device is
realized in industry standard silicon mate(silicon-on-insulator, SOI) with a metallic top
layer. InFig. 1(b) an electron beam micrograph of treadily fabricated device is shown:
the underlying silicon dioxide is the subste base, supporting the mechanical pendulum
(I = island in the center between the draiD) and sourc€S). The island can be thought
of as a nanopillar with a solid silicon single-crystalline base and a gold cap layer. The
switch is controlled by biasing the source and drain and/or the controlling gate vo&age
This island serves as the charge shuttle. As seen in the finite element simHadiol{d)],
we find a mechanical resonee frequency of the device of the order of 367 MHZ][ This
frequency depends on the pillar height, as well as on the material constants and the metallic
top layer mass. Excitation of the nanomeclsahresonator is most efficiently provided by
AC and DC biasing through the contadsand S. Theresulting drain current flow p is
then determined by a current/voltage converter.

Of prime importance for a device functioning as a switch or signal filter is the fact
that its throughput resistance is drastically enhanced, since only one cobtamt %)
is open during a half-cycle of operation: once the island is biased, a certain number of
electronsN will flow onto the island (@pending on the island’s electrostatic potential)
and jump off the island only when the otheontact comes into reach during the second
half-cycle of the switch revolution. In comtst tothe earlier realizations of the emSET
this novel vertical emSET (VemSET) allows for straightforward integration in any silicon
based circuit requiring signal switching and/or filtering. This is achieved with a single
lithographic process and a single etching step, thus reducing the processing complexity
and time drastically.

For exdtation we employ an AC voltage at the source contact. Moreover, application
of an AC signal allows one to excite the nanopillar resonantly in one of its eigenmodes.
Gradually accumulating charge on the island results in a resonant Coulomb force (RCF)
within the AC source—drain field. The basic concept underlying the device is the excitation
of mechanical oscillation via the excess charge on the island. Hitherto employed excitation
mechanisms, such as magnetomotive driving, are not applicable for mass-production
devices, due to the high magiefield which is required B ~ 1-10 T). In addtion,
our device can be operated tdut cryogenic cooling and achieves accurate and well
reproducible operation in the temperature range of 77-300 K.

During this deflection, the shuttle exchanges charge carriers with thelyj@ectrons
tunnel off the island and/ electrons tunnel from the gate to the shuttle. The respective
amountsN and M are determined by the inst@meous electrical bias [sddg. Zc)].

The detected currerltp is the net nurher of transferred electromns times the shuttle
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Fig. 2. (a) and (b): spectral drain currdipy versus surce frequencyf for two nanopillar devices. In (a) power

P ranges from 0 te+-10 dBm and for (b) fromt-2 to +8 dBm. The reonance frequencies afga)g = 369 MHz

and f (b)g = 399 MHz, respectively. (c) Phase relations of the pillar deflection and source—drain bias. For a
driven harmonic oscillator the phase lag variesfrom 0 to—z and @asumes-x /2 for rednance(f = fp). In

this case (ii) maximum island deflection is found at the moment when the voltage bias vanishes, and hence no net
current flows. (i) and (iii) show the casds< f, and f > fj, resgectively.

frequencyf:
Ip =gef (N — M) =gefn (1)

wheree is the electonic charge and) accounts for a statistical limitation for the case
where deflection is not sufficient for chargartsport in each cycle. For the excitation via

the resonant Coulomb force it is necessary that the shuttle sustains a certain excess charge
during oscillation. This is ensured by a mecitahasymmetry which strongly favors one
tunneling barrier at which the shuttle is reset to the same charge state each cycle. We
assumeam electrons present on the shuttle for three period when both tunneling barriers

are closed. For stable operation the relatiph— M) = n < m must hold. The RCF is

then calculated via

eVAC Sin(ZJT f t)

dsp

Frer(t) =m 2)
with Vac being the AC amplitude andsp the source—drain distaa. Via a finite element
simulation we can estimate the gate island capacitance@ybe 10 aF. This results in a
maximum excess charge = 24 electrons, causing, in turn, a force of 7 pN at an incident
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AC power of P = +5 dBm. Inportant for the current frequency behavior is the phase
relation of the mechanical nion and the electrical AC bias. In the case of a harmonic
oillator (HO), the driven resonator follows the applied force with a phase lag of

on(f) = arctanpif 3)
fh2 - f2

with the resonace frequencyfy. For exdtation of a mechanical eigenmodeof the
nanogpillar the phase lag equals, = —x/2, i.e. maximum deflection occurs whdh= M.
For an ideal system, we accordingly expect a zero net cutient 0 for f = f,. Above
and below the resonance frequerfgythephase lag approachesr and zero respectively.
Depending on the sign of the excess chargewe find éther a positive current fof > fy,
and a negative current for lower frequencies or vice versa.

We have carried out basic measurements of the current frequency response for a
couple of devices showing similar behavior at slightly different eigenfrequerigidshis
variation is explained by the different heights and waistlines of the pillar. Via a finite
element simulation]1] both the absolute resonance frequencies and variations were well
reproduced. The current tracks for a s& of AC powersP are plotted inFig. 2(a) and
(b). Highest current amplitudes correspond to a transported net amount of electrohs
following Eq. (1), which satisfies well the condition < m. For the twosamples the
negative and positive peak currents differ lgtbrs of 2 and 5, respectively. Mechanical
asymmetry and inhomogeneity of the effective electric field destroy the phase relation of
an ideal HO, and hence caube asymmetric peaks.

The mechanism of RCF can be verified in the present set-up via a superposition of a DC
biasV onto the AC voltag&/ac. This is accomplished by an inserted bias-tee fFigel(b).

As long as the DC bias is small compared to the AC amplitigle the maininfluence

is the phase shift between the deflectionrpand the effective drain/source bias [see
Fig. Zc)]. As a result, we accomplished switching between forward and reverse current
peaks (i) and (iii), as well as zero current (ii). ig. 3(@) we show the spectral current for

a set of sacted DC bias voltages ranging fronY0 to+40 mV. It is important to note that

the observed behavior not only supports RAR, dlso demonstrates the tunability of this
mechanical device. This will turn out to be important for rectification of high-frequency AC
signals. A summary of all traces at the lower and upper peak frequefﬁia’-s/eals thatthe
peaks are not only detuned, but also can give a reverse current respoRgge.3s) shows,

this is achieved for a high DC bias exceeding 40 mV. In addition to the detuning, a regular
step-like structure is observed in both pgakhen he DC bias is ramped. The separation

of the geps (-23 mV) corresponds to the island/gate capacitance; however, the total island
capacitance for room temperature operation should onlg?&T ~ 3 aF. Hece,

we attribute the steps to a gradual change of the oscillatory mode rather than Coulomb
blockade effects. Nevertheless, this indicates that observation of Coulomb blockade effects
with semiconductor charge shuttles is now within reach.

We have shown how to realize semiconductor charge shuttles in a new and
straightforward manner which is both applicable for industrial application as well as of
interest for quantum electromechanicse Treasurements not only prove our earlier results
obtained on conventional electromechanical single-electron transistors, but additionally
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Fig. 3. (a) Tuning of the current senance by a superimposed DC bhs Both negative ad positive current
response are entirely detuned by the respective bias.idhiturther test of the excitation of the electron shuttle
via the resonant Coulomb force (RCF). (b) Negatflower trace) and positive (upper one) peak currdlﬁ’fsak
versusDC biasV. The traces represent a section of the whole set of current spectra at frequgneie874 MHz
and f" ~ 382 MHz.

reveal how to effectively control NEMS. Thert stepgo be taken will focus on realizing
combined AC/DC self-excited shuttles in phase-locked circuits.
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