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Integrating suspended quantum dot circuits for applications
in nanomechanics

J. Kirschbaum, E. M. Höhberger,a) and R. H. Blick
Center for Nanoscience and Sektion Physik, Ludwig-Maximilians-Universita¨t München,
D-80539 München, Germany

W. Wegscheiderb) and M. Bichler
Walter-Schottky-Institut, Technische Universita¨t München, D-85747 Garching, Germany

We present an integrated nanoelectromechanical circuit designed for achieving ultrasensitive
displacement detection. It consists of a suspended quantum dot defined in the two-dimensional
electron system of an AlGaAs/GaAs heterostructure and a mechanical resonator located in close
vicinity. Operation of the individual components is demonstrated: Mechanical as well as transport
properties of the resonator and the electron system are specified, respectively. Coulomb blockade in
a freely suspended quantum dot is revealed. The data are used to estimate the maximum
displacement sensitivity of the device to be 0.029 Å/AHz.
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The past years have seen an increasing interest in n
electromechanical systems~NEMS!. Due to the demand fo
highly sensitive and fast integrated sensor components t
nological aspects of NEMS gain more and more in imp
tance. For instance, reaching ultimate precision in displa
ment detection is essential for many applications. Examp
range from quantum limited displacement sensing1 over to
single electron spin resolution2 and force detection on DNA
strands,3 as well as sensing components for communicat
technology.4,5

Another approach for ultrasensitive displacement de
tion is based on Coulomb blockade,6 which allows us to
discern smallest variations in the electrodynamic envir
ment of a quantum dot. We have combined both approac
and integrated a nanomechanical resonator with a freely
pended quantum dot circuit which allows us to probe
displacement of the resonator with the resolution of
quantum dot as a highly sensitive electrometer. Contrar
the suggestion of a radio-frequency single electron transi
~rf-SET! based on similar components,7 this does not require
matching of the quantum dot impedances to a tank circu

The integrated nanoelectromechanical circuit is reali
in a delta-doped AlGaAs/GaAs heterostructure with a tw
dimensional electron gas~2DEG! located 40 nm below the
sample surface. The 2DEG is embedded in a 130-nm-th
so-called active layer which is followed by 400 nm
Al0.8Ga0.2As serving as sacrificial layer separating the act
layer from the buffer. The active layer contains the quant
well being terminated byd-doped AlGaAs followed by a cap
of undoped GaAs on both sides. Freely suspended nanos
tures are obtained by selectively removing the suppor
sacrificial layer.

To this end, a series of processing steps was perfor
starting with the definition of Ohmic contacts provided
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AuGeNi pads alloyed at 420 °C. Subsequently, both na
mechanical resonator and gate electrodes were definded
ing electron beam lithography and covered with 60 nm
Au. In a second electron beam lithography step the quan
dots were aligned within the existing Au structure and co
ered with a 60-nm-thick Ni etch mask. Highly anisotrop
reactive ion etching with SiCl4 was employed to transfer th
sample geometry into the 2DEG and to simultaneously
tain well-defined resonator sidewalls. After dissolving t
etch mask in a solution of Fe-~III!-chloride the sacrificial
layer is removed by wet etching in 0.1% hydrofluoric acid

The samples discussed in the following consist of a 1
nm-wide and -thick, 1.9-mm-long free-standing resonato
which is flanked by suspended single and double quan
dot structures. The device is depicted in Fig. 1~a! and, sche-
matically, in the inset where dots and resonator are deno
by D andR, respectively. In the following, we will limit our
considerations to the single dot. The separation between
dot and the beam is 200 nm, which is small enough to all
capacitive coupling between the two structures. The quan
dots are defined in a 600-nm-wide bar by two point conta
formed by pairs of symmetric indentations. The effective s
of the confined 2DEG is reduced from the lithographica
defined values due to edge depletion. In previous meas
ments on unconstricted quantum wires it has been shown
the edge depletion width, which is mainly determined by t
etching parameters, is about 50 nm for our samples.
therefore, deduce the electronic radius of the resulting do
be 250 nm.

The nanomechanical resonator is driven magnetom
tively via the Lorentz force generated by a resonant rad
frequency current along the beam in a strong perpendic
magnetic field. The resulting motion is monitored in the r
flected power by a network analyzer combined with a sc
tering parameter test set. The setup is depicted schemati
in Fig. 1~a! and has been described in more det
previously.8 The displayed resonator produced resonance
seven frequencies between 42 and 99 MHz. The most
© 2002 American Institute of Physics
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nounced resonance at 62.25 MHz is shown in Fig. 1~b!. A
Lorentzian resonance with a quality factor ofQ51200 is
observed at an incident power of263 dBm in a field ofB
512 T at 1.5 K. When increasing the incident power up
240 dBm a strong nonlinearity develops as can be s
from the asymmetric peak shape.8 The magnetic field depen
dence of the resonance at254 dBm is illustrated in the inset

Sheet density and mobility of the embedded 2DE
amount to ns59.131015 m22 and m523.4 m2/V s. This
leads to a mean-free path of 3.7mm, which is much larger
than the sample dimensions, i.e., transport through the d
ballistic. Four-terminal measurements on suspended
bars have confirmed this result also for the case of rea
processed samples.9 Under normal conditions the point con
tacts contain a few transport channels so that the open
can be considered as a ballistic cavity. Two gate electro
are available to modify transport through this cavity: t
resonator under dc bias as well as the backgate. Under
plication of a negative voltage to any of these gate electro
the point contacts are depleted further, transforming into t
neling barriers. As a result, the dot gets separated from
reservoirs, thus entering the Coulomb blockade regime.

In order to characterize the 2DEG, two-terminal magn
totransport measurements were performed on the open q
tum dot structures in a perpendicular field up to610 T: Fig.
2~a! displays Shubnikov–de Haas oscillations measured
freely suspended sample at 6 K. Via the relationns

5gse/hD(1/B), with gs52 being the spin degeneracy fa
tor, an electron density ofns55.931015 m22 is obtained,
which is lower than the original sheet density due to dete
ration of the electron gas during the etching process.

The low-field magnetoresistance for two differe
samples is expanded in Figs. 2~b! and 2~c!. Whereas~b!
magnifies the central region of the large plot,~c! shows the

FIG. 1. ~a! Scanning electron micrograph of a suspended nanostruc
integrating a nanomechanical resonator and single and double quantum
defined by symmetric indentations taken under an angle of 65°. A schem
top view is shown in the inset.~b! Mechanical resonance of the beam for
incident power betweenP5263 and240 dBm and a perpendicular mag
netic field ofB512 T atT51.5 K. Inset shows the magnetic field depe
dence.
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resulting curve for a similar but unsuspended sample.
traces are symmetric in the magnetic fieldR(B)'R(2B),
which implies that the magnetoresistance originates from
cavity and not from the leads. Qualitatively, the magneto
sistance traces for both samples display a similar structur
slowly varying negative magnetoresistance, which decrea
;B22, is observed at fields below 1 T. This behavior
attributed to electron–electron interaction on a lengthsc
larger than the dot.10 At higher magnetic fields (vct@1)
Shubnikov–de Haas oscillations are resolved. The strik
difference between the supported dot in Fig. 2~c! and the
suspended one in Fig. 2~b! is the structure, which is super
imposed on the negative magnetoresistance. Whereas
magnetoresistance decreases strictly monotonic in~c!, addi-
tional features are apparent in all of the investigated s
pended samples, which is explained by an enhanced bo
ary roughness induced by the wet-etching step.

The most prominent feature of the suspended sample
the zero-field peak magnified in Fig. 2~d!. Its origin can be
accounted to coherent backscattering in the cavity, analog
to weak localization in diffusive electron systems.11 For bal-
listic systems it has been shown that the shape of the co
ent backscattering peak is Lorentzian for chaotic and lin
for regular cavities.12 Although the investigated dots ar
barely elliptical all zero-field peaks can be fitted with
Lorentzian @solid line in Fig. 2~d!#. This is explained by
small-angle scattering and boundary roughness scatte
producing disorder even in the ballistic regime.

Applying a negative dc voltageVg to the mechanical
resonator the properties of the dot can be drastically chan
Along with a decreasing width of the constrictions quantu
point contacts are formed and subsequently depleted.
gate voltages in the range of2180 mV, both point contacts
are depopulated and tunneling barriers are formed. In
regime of weak coupling to the reservoirs transport throu
the dot is restricted by single electron charging effects bef
the 2DEG is completely pinched off at21.1 V. The mea-
surements presented in Fig. 3 show Coulomb blockade

re
ots
tic

FIG. 2. ~a! Shubnikov–de Haas oscillations measured at 6 K for a fre
suspended cavity. Inset~b! shows an expanded view of the low-field mag
netoresistance. For comparison, a magnetoresistance trace of a simila
unsuspended sample is displayed in the adjacent inset~c!. ~d! displays the
details of the coherent backscattering peak~squares!as well as the Lorent-
zian fit ~solid line!.
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served in a freely suspended quantum dot. Similar res
were observed biasing the backgate instead of the reson
Figure 3~a!displays Coulomb blockade oscillations atVsd

50. The measurements were performed in a dilution ref
erator atT510 mK using a lock-in amplifier combined wit
a low-noise current preamplifier. In Fig. 3~b! the differential
conductance is plotted logarithmically as a function
source–drain biasVsd and gate biasVg at the resonator
~white: G50 mS, black:G58 mS!. Clear Coulomb block-
ade diamonds are resolved, which allow insight into some
the fundamental properties of the quantum dot.6 The gate
capacitance is determined to beCg514 aF by the width of
the diamond. A charging energyEC5e2/2CS of 0.56 meV is
deduced from the Coulomb gap, which corresponds to a t
capacitance ofCS5140 aF. An estimate of the size of th
dot is performed approximating the dot as a flat disk of
dius R, the capacitance of which is given byCS58e re0R.
With the dielectric constante r513 for GaAs this yields a
radiusR'160 nm and subsequently a number of about 4
electrons on the dot. As the negative voltage applied to
gate increases the depletion width of the 2DEG this resu
consistent with the sample dimensions.

The observed Coulomb blockade oscillations can be
ployed to use the quantum dot as a highly sensitive electr
eter. Biasing the quantum dot to the optimal operating po
of maximum conductance slope we obtain a charge sens
ity of 3.331024e/AHz. As the induced charge on the gate

FIG. 3. ~a! Coulomb blockade oscillations of the suspended quantum
with respect to variations of the dc gate voltageVg applied to the resonato
at a perpendicular field ofB5500 mT.~b! Gray scale plot of the differentia
conductance as a function of gate voltageVg and source-drain voltageVsd at
B5500 mT showing Coulomb blockade diamonds.
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a function of the distance between the gate and the dot
system is well suited as a displacement detector. An estim
of the displacement sensitivity

dx

AD f
5

DI

AD f
S Vg

dCg

dx D 21 dQg

dI
, ~1!

produces 0.029 Å/AHz for the non-optimized device, which
is an enhancement by an order of magnitude as compare
purely nanomechanical displacement detection reali
previously.8 Improving the setup might allow us to approac
sensitivities of the order of 1026 Å/AHz predicted by calcu-
lations of the shot noise limit and intrinsic displaceme
noise of an idealized rf-SET.7 Vice versa, the strong coupling
between resonant motion and electron transport can be
ployed to create a mechanical gating mechanism in addi
to the familiar electrical gating to control the charging of t
dot.

In conclusion, we have realized a freely suspended e
tron cavity in close vicinity to a nanomechanical resonat
which was depleted to form a quantum dot. Coulomb blo
ade has been demonstrated. Based on the deduced c
sensitivity, we expect a displacement sensitivity
0.029 Å/AHz with respect to the resonator displaceme
which will enable mechanical gating of electron transp
through the dot.
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