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Nanometre-scale displacement
sensing using a single electron
transistor

Robert G. Knobel* & Andrew N. Cleland*

* Department of Physics and iQUEST, University of California, Santa Barbara,
California 93106, USA

It has been a long-standing goal to detect the effects of quantum
mechanics on a macroscopic mechanical oscillator'~. Position
measurements of an oscillator are ultimately limited by quantum
mechanics, where ‘zero-point motion’ fluctuations in the quan-
tum ground state combine with the uncertainty relation to yield a
lower limit on the measured average displacement. Development
of a position transducer, integrated with a mechanical resonator,
that can approach this limit could have important applications in
the detection of very weak forces, for example in magnetic
resonance force microsopy* and a variety of other precision
experiments®”’. One implementation that might allow near
quantum-limited sensitivity is to use a single electron transistor
(SET) as a displacement sensor®'": the exquisite charge sensi-
tivity of the SET at cryogenic temperatures is exploited to
measure motion by capacitively coupling it to the mechanical
resonator. Here we present the experimental realization of such a
device, yielding an unequalled displacement sensitivity of
2 X 10" mHz""? for a 116-MHz mechanical oscillator at a
temperature of 30 mK—a sensitivity roughly a factor of 100 larger
than the quantum limit for this oscillator.

A classical simple harmonic oscillator, in equilibrium with its
environment at temperature T, will have an average total energy kT.
The position of the oscillator fluctuates continuously, with a root
mean square displacement amplitude dx = (kgT/ mwé)l/ 2 for an
oscillator of mass m and resonant frequency f, = w¢/2w. This
classical displacement amplitude can be made arbitrarily small by
reducing the temperature. One implication of quantum mechanics,
however, is that the quantized nature of the oscillator energy yields an
intrinsic fluctuation amplitude, the ‘zero-point motion’
dxzp = () 2mwo)'/2. This is achieved for temperatures T well below
the energy quantum, T << T =hwo/kp. A second implication
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of quantum mechanics is that the instrument used to measure
the position of the oscillator will necessarily perturb it, further
limiting the possible measurement resolution, as quantified by the
Heisenberg uncertainty principle. A continuous measurement of
the average position of an oscillator, using a quantum-limited
amplifier, is thus limited to /2 times the zero-point motion, or
8%meas = (/mas)'/?. We note that ‘back-action evading’ techniques
have in principle unlimited measurement precision, although
these yield less information and are still subject to zero-point
fluctuations if the measurement is slower than the oscillator
relaxation time"'*.

A 1-GHz nanomechanical flexural resonator was recently
demonstrated". This resonator would have T = 50 mK, so when
operated on a dilution refrigerator at 10 mK, the inequality T << T,
could be reached. A resonator with similar dimensions would be a
candidate for detecting the transition from classical to quantum
noise, because the small mass gives a relatively large zero-point
displacement noise, dx,p = 2 X 107 m. In terms of the spectral
displacement noise density, this corresponds to S}c/z =
5X 10" ¥ mHz /2 on resonance, fairly small due to the relatively
low quality factor Q = 500. Techniques to measure the displace-
ment of large-scale resonators, such as optical interferometry or
electrical parametric transducers™'*'®, can achieve better displace-
ment noise limits than this, but the larger mass of the resonator
makes reaching the quantum limit more difficult. Such techniques
do not scale well to nanomechanical resonators, and other tech-
niques more applicable to these size scales'®'” are unlikely to
approach quantum-limited sensitivity. The single electron transis-
tor provides a possible system in which sufficient sensitivity can be
achieved.

The single-electron transistor (SET) consists of a conducting
island separated from leads by low-capacitance, high-resistance
tunnel junctions. The current through the SET is modulated by
the charge induced on its gate electrode, with a period e, the charge
of one electron. The SET is the most sensitive electrometer'®'?, with
a demonstrated sensitivity below 10> eHz % The motion of a
nanomechanical resonator may be detected by capacitively coupling
the gate of the SET to a metal electrode placed on the resonator, and
biasing the electrode at a constant voltage Vyeam (see Fig. 1). The
capacitance C between the SET and the beam then has a coupled
charge ¢ = VpeamC. As the beam vibrates in the x direction, in the

Figure 1 The device used in the experiment. @, Scanning electron micrograph of the
device, showing the doubly clamped GaAs beam, and the aluminum electrodes (coloured)
forming the single electron transistor and beam electrode. Scale bar, 1 wm. The
AI/AI0, /Al tunnel junctions have approximately 50 x 50 nm? overlap. b, A schematic of
the mechanical and electrical operation of the device.
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plane of the device, the resulting variation in capacitance AC will
modulate the charge induced on the SET, Ag = V4,.,,,AC, changing
the SET source—drain current. As the voltage Viyeanm is increased, the
charge modulation Aq and the sensitivity to the resonator motion
will increase. However, the source-drain current is due to the
stochastic flow of electrons through the SET, so the centre island’s
voltage fluctuates randomly. This causes a fluctuating ‘back-action’
force on the beam. This force increases as Vi,eam increases, resulting
in a voltage for which the total noise is minimized. The displace-
ment sensitivity at this optimal voltage is calculated”'° to be of order
10 "*mHz "%, approaching the sensitivity needed to measure
quantum effects.

Our device (Fig. 1) consists of a 3pm longX250nm wide X
200nm thick doubly-clamped beam of single-crystal GaAs, capaci-
tively coupled to an aluminum SET, located 250 nm from the beam.
The beam was patterned using electron beam lithography and
etched from a GaAs heterostructure using a sequence of reactive
ion etching and dilute HF wet etching®. The SET was formed
through double-angle shadow evaporation, using a pattern defined
in a second step of electron-beam lithography**>. The device was
mounted on a dilution refrigerator and cooled to 30 mK. All
electrical leads were filtered”. An out-of-plane 8 T magnetic field
was applied to drive the aluminum out of the superconducting
state, and to provide a field for actuation and sensing of the beam
motion.

The beam was driven using the magnetomotive technique, in
which an alternating current I through the beam electrode, along its
length L in the presence of the magnetic field B, generates a Lorentz
force F = ILB. We measured the induced electromotive force (EMF)
& developed along the beam owing to its resulting motion through
the magnetic field'***** by measuring the reflected and transmitted
power. The beam vibrates in its fundamental in-plane mode with a
resonant frequency fo = 116.7 MHz (see Fig. 2). The measured EMF
fits well to a lorentzian function with a quality factor Q = 1700. The
beam displacement Ax is related to the EMF & by**:

&
" £LBw

where £ = 0.523 is an integration constant. We thus determine the
displacement Ax as a function of power B, as shown in Fig. 2,
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Figure 2 Magnetomotive measurements of the beam resonance. Upper inset, Raw
magnetomotive transmission data (20 averages, 10 Hz bandwidth) as a function of drive
frequency f, for a drive power P = —85 dBm, with a fit of a lorentzian line shape with a
linear background. The fit yields the resonance frequency fo = 116.7 MHz and

quality factor @ = 1700. The main plot shows the measured midpoint displacement Ax
of the beam driven at its frequency resonance f = f¢, as a function of magnetomotive
drive power P at 30 mK and in an 8 T magnetic field. The fit response Ax =

839+/P nm/W'/2 (solid line), with the beam’s known physical geometry (lower inset),
corresponds to an effective spring constant k= 1,530Nm ™' and resonator mass
m=2.84x10""kg.
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yielding the resonator mass m = 2.84 X 10~ "’ kg and effective
spring constant k = 1,530 Nm™".

The SET was characterized using low-frequency electrical
measurements, giving a series junction resistance
Ry; + Ry, =200k{, a gate capacitance C, = 0.59fF, a coupling
capacitance between the beam electrode and the SET of
C=0.131F, and a total SET island capacitance Cy= 1.3fF. In
order to detect motion at the resonant frequency of the beam, the
SET was operated as a mixer'', with a local oscillator (LO) voltage
V.o applied to the gate at a frequency offset from the drive
frequency by an intermediate frequency (IF) of less than 1kHz
(fir = | fuo — f1)- The SET was biased so as to give optimum mixing
signal, with V4 = ¢/Cy and the dc gate voltage adjusted to give
peak dc current. The V', amplitude was set to give maximum signal
gain, with coupled charge at the LO frequency q,, = 0.4e. The
voltage across the SET was measured at the intermediate frequency.

Figure 3a shows the mixer signal for a drive power
P = —125dBm. Using the magnetomotive calibration, this corre-
sponds to an extrapolated amplitude of Ax=2.3 X 10""*m on
resonance. The charge Aq detected by the SET is due to the change
in coupling capacitance times the beam voltage, Ag = Vi, AC, as
well as secondary signals due to the induced EMF, and capacitively
coupled charge due to cable resonances and ohmic losses. The
former is very small compared to the direct signal (less than 1%),
and the second varies slowly with frequency. Thus the total signal
detected by the SET has the form of a lorentzian, plus a background
with an arbitrary phase, as shown in Fig. 3a.

The quality factor Q and resonant frequency f, obtained using the
SET were the same as those from the magnetomotive technique, and
the amplitude varied as P"%. The SET response is found to be 9.9

a 06

05

Voltage (uV)

04

03¢

Mixer
voltage

(0%}

Figure 3 Single electron transistor measurement of the beam motion. a, Intermediate
frequency voltage (SET mixer output) as a function of beam drive frequency, for

P = —125dBm drive power. The solid line is a fit to a lorentzian plus linear background
with arbitrary phase. The beam electrode had a d.c. voltage Vpeam = 5V, the LO power
was —70dBm, and the IF was 151 Hz. The SET gate voltage was tuned to give maximum
signal. b, IF voltage for P = —115 dBm drive power, as a function of d.c. gate voltage and
drive frequency. The slowly varying background interferes with the resonance signal,
whose phase varies with the gate voltage.
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Figure 4 Noise and quantum limits for the device. a, Output voltage noise S:/2 asa
function of mixer intermediate frequency in the same configuration as used for the driven
beam measurements (LO = —70dBm, fi.o = 100MHz, V¢4 = €/Cx, Vieam =5V,
B= 8T, T= 30mK). For the displacement measurements, an intermediate frequency of
151 Hz was used, corresponding to a noise level of about 20 nV Hz~ 2. b, Calculated
displacement noise for two resonators, the resonator measured in this experiment (solid
lines) and for a hypothetical 1—GHz resonator (dashed lines), fabricated from GaAs with
dimensions 450 x 50 x 40 nm and Q = 10*. The black lines correspond to the thermal
noise and the grey lines include the back-action noise and zero-point motion in an ideal
quantum-limited position measurement. The measured noise of our device is indicated by
the black circle.

AxVpm™ !, proportional to the displacement Ax, when the SET is
biased optimally, with a LO frequency offset from the beam drive
signal by 151 Hz. As the SET gate voltage is varied from the
optimum value, Fig. 3b, the sensitivity decreases and interference
with the background becomes more pronounced. The resonant
signal decreases linearly with magnetic field B, and increases linearly
with Vieam-

Figure 4a shows the output voltage noise of the SET mixer. For the
intermediate frequency used (151 Hz), the noise (~20nV Hz~ 12y s
dominated by the second-stage amplifier. The displacement sensi-
tivity can be calculated from the SET response: We find a peak
sensitivity of S1/2 =~ 2.0x 107" mHz "2,

We can now evaluate the potential for quantum-limited detec-
tion: In Fig. 4b we show the calculated thermal and quantum noise
for this beam, and for a 1-GHz resonator, which would be in its
quantum ground state at the base temperature of our dilution
refrigerator. We see that the detector noise is ~100 times larger than
the thermal noise of the measured beam, and about a factor of ~20
larger than the quantum noise of a 1-GHz resonator with Q = 10™.
By using improved electronics and impedance matching, the
second-stage noise could be reduced by roughly a factor of ten,
and better lithography could reduce the SET-beam separation,
increasing the SET response. A higher quality factor would yield
larger signals in both the thermal and quantum limits; experimen-
tally the Q is observed to reduce as the resonators are made smaller,
at least partly due to surface damage and contamination. Flash
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heating of resonators in vacuum has been demonstrated to yield
significantly higher quality factors®**, a technique which could be
applied here. The expected increase in displacement sensitivity
using a combination of these techniques could, in a second-
generation device, allow measurement in the quantum-limited
regime.

In conclusion, we have demonstrated an ultrasensitive, poten-
tially quantum-limited displacement sensor based on a single-
electron transistor, enabling us to read out the motion of a
nanomechanical resonant beam at its resonant frequency. The
device has a displacement sensitivity of 2.0 X 10~ mHz " at
the 116.7-MHz resonant frequency of the mechanical beam, limited
by the noise in the conventional electronics. O
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