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gapless arcs that we observe are simply an intermediate state in the
smooth evolution of d-wave nodes into a full Fermi surface. This
smooth evolution was carefully checked on an 83K underdoped
sample where a detailed sweep was done in k space at T = 90K,
revealing only a small Fermi arc just above T.. This behaviour is fully
consistent with the gap above and below T being of the same origin
as suggested by our earlier experiments®’.

Theoretical calculations in which d-wave pairing correlations
cause a pseudogap above T, (ref. 10) have predicted gapless arcs
which expand as T increases. Resonating valence bond theories also
lead to gapless arcs above T, due to spinon pairing''. There are other
proposals in which the pseudogap has a completely different (non-
pairing) origin from the superconducting gap. Given the smooth
evolution that we find through T, such proposals seem difficult to
reconcile with our results. U
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A nanometre-scale
mechanical electrometer
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California 91125, USA

The mechanical detection of charge has a long history, dating bac

more than 200 years to Coulomb’s torsion-balance electrometer’.
The modern analogues of such instruments are semiconductor-
based field-effect devices, the most sensitive of which are cryo-
genically cooled single-electron transistors’. But although these
latter devices have extremely high charge sensitivity, they suffer
from limited bandwidth and must be operated at millikelvin
temperatures in order to reduce thermal noise. Here we report
the fabrication and characterization of a working nanometre-
scale mechanical electrometer. We achieve a charge sensitivity of
0.1e HZ %, competitive with conventional semiconductor field-
effect transistors; moreover, thermal noise analysis indicates that
the nanometre-scale electrometer should ultimately reach sensi-
tivities of the order of 10°e Hz *°, comparable with charge-
detection capabilities of cryogenic single-electron transistors. The
nanometre-scale electrometer has the additional advantages of
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high temperature (=4.2 K) operation and response over a larger
bandwidth, from which a diversity of applications may result.

We have described elsewhere’ the techniques used to fabricate and
measure devices of the type reported here. An electron micrograph
and a schematic view of our nanomechanical electrometer is shown
in Fig. 1. It consists of three principal components: electrodes,
which experience an attractive force when a small charge is applied;
a compliant mechanical element that moves in response to this
force; and a displacement detector that provides a means of
monitoring the motion. The mechanical element is a two-element
torsional resonator with a spring constant G, and moment I. Its
fundamental torsional resonance frequency is wy, and its mechan-
ical loss is parametrized by a quality factor Q = w,/Aw, where Aw is
the frequency width of the resonant response at half maximum.

The device includes three electrodes: two for inducing and
measuring the mechanical response of the structure, and one for
coupling charge, which alters this response. Two electrodes consist
of metal loops tracing the boundaries of the outer and inner
paddles, while the opposing metal gate electrode is fixed to the
stationary substrate, at a distance d from the inner paddle. The
mutual capacitance between the gate electrode and the inner paddle
is represented by the parameter C. To measure a small charge, the
gate electrode is biased by a charge g,, which yields an electrostatic
force Fy = g3/Cd. Small changes in the coupled charge, 8, about the
bias point g, alter the force by an amount f; = 26gE,, where E,is the
equilibrium electric field. This results in an effective torsional spring
constant G4 = G, + g, where g = — rdqdE, /90 (0 is the paddle
torsion angle, E, the field component along the unit vector 6, and r
the paddle’s radial dimension). This gives rise to a shift away from
the unperturbed resonance frequency, éw/w, = g/2G,.
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FIELD
Figure 1 Nanometre-scale charge detector. The inset schematically depicts its
principal components: torsional mechanical resonator, detection electrode, and
gate electrode used to couple charge to the mechanical element. A external,
parallelmagnetic field is employed for readout. In the actual device (main figure) a
double torsional element is used with moment /, torsional spring constant Go
(calculatedtobe 1.1 X 10~ Nm), and spacing,d = 0.5 um, between the gate and
inner paddle electrodes. The fundamental resonance frequency of the structure
is 2.61 MHz, with a quality factor measured to be Q = 6,500; the coupling
capacitance between the gate and resonator was calculated to be C = 0.4fF
(H. Pothier, D. Esteve and M. H. Devoret, personal communication). The resonator
was fabricated from a single-crystal Si-on-insulator substrate, with a 0.2-um-thick
Si layer on a 0.4-um insulating layer. The Au electrodes and resonator structure
are patterned using electron beam lithography. The smallest lateral feature in the
structure is 0.2 um, so there is scope to scale these devices to even smaller
dimensions. This could ultimately yield bandwidths in the GHz regime.
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To perform electrometry we monitor either the charge-induced
shift in the rest point of the torsional resonator, or the change in the
resonance frequency due to the charge modulation of G The latter
approach can be especially sensitive if the quality factor of the
resonator is high. We have employed frequency modulation
detection* to obtain enhanced sensitivity and large measurement
bandwidth.

When optimally configured, thermally induced motion of the
resonator limits the mechanical electrometer’s sensitivity. Addi-
tional noise may be introduced by the displacement detector: with
conventional optical detection this arises from photon shot noise,
whereas with electromagnetic detection (used here) this arises from
the readout amplifier. We parametrize this additional noise by a
detection noise temperature Ty, while representing the thermal
fluctuations of the mechanical resonator by a temperature Tg. For a
paddle driven with a motional amplitude 6,,,,, the spectral density
of the frequency noise is given as’:

_ woks(Ty + Ty)

Se=—75— 1
¢ QGOanax ( )
The corresponding charge noise spectral density is given by:
G, 1

Sq = OE 190 w3S, @

In our experiments we use these devices for charge detection by
employing the fundamental torsional mode (both elements of the
torsional structure vibrate with similar amplitude and phase). The
resonator was placed in vacuum at 4.2K. A radio frequency (r.f.)
current was passed through the larger gold loop which, in the
presence of an applied 8 T magnetic field, generates a r.f. torque
along the support axis of the resonator. The resulting torsional
motion of the resonator’s inner paddle in the applied field generates
an electromotive force (EMF) that is subsequently amplified and
detected by room-temperature electronics. Related techniques have
been used to detect the motion of flexural resonators®”.

In Fig. 2 we show the amplitude of the EMF measured as a
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Figure 2 Amplitude of the induced EMF across the smallloop (inner paddle) of the
resonator, as a function of the frequency of the drive current passed through the
large loop (outer paddle). The charge coupled by the gate electrode was changed
in steps for each trace, with a total range of 4 X 10*e in the coupled charge. The
charge sensitivity is referenced to the charge coupled directly to the resonator
paddle; we ignore the large amount of charge induced by our voltage bias on the
parasitic capacitances associated with the cabling. In real charge-detection
applications of this device, the charge source would necessarily be placed, at
most, a few tens of micrometres from the gate. This constraintis identical to those
arising in applications based on the single-electron transistor, and is not a serious
limitation.
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function of drive current frequency, with fixed current amplitude.
Each trace was taken with a different amount of d.c. voltage applied
to the gate electrode. The range of voltages applied corresponds to a
total change in the coupled charge of ~4 X 10*e.

A more sensitive detection technique is to fix the frequency of the
drive current at the mechanical resonance frequency, and monitor
the phase of the induced EMF relative to the phase of the drive
current. The circuit used for this measurement is shown in Fig. 3. In
the inset of Fig. 4 we show the frequency-dependent phase respon-
sibility R = d¢/dq(v), which is the measured variation of the EMF
phase as a function of d.c. coupled charge. By measuring the spectral
density of the phase noise, S4(»), we can then deduce the spectral
density of the charge noise Sy(v) = S,(»)/R*> (Fig. 4). We find the
charge noise to be dominated by 1/fnoise at low frequencies, with a
noise level of S3° = 0.6 e Hz~"* at » = 10 Hz. Above a frequency of
about 500Hz the noise levels out to a white noise floor of

% = 0.09eHz ™%, The lowest level of charge noise obtained is
~0.1 e Hz ™™, competitive with state-of-the-art electrometers based
on cryogenically cooled field-effect transistors®.

Mechanical detection of charge has been previously
demonstrated”' using an atomic force microscope (AFM) appar-
ently providing sensitivity as low as 0.03 e Hz™*>. This was achieved
using cantilevers with ~100 wm dimensions and resonance fre-
quencies in the audio range. Their intrinsically low response
frequency and the overall size of these macroscopic AFM instru-
ments makes them impractical for general applications in electro-
metry. Nonetheless, one may consider our devices to be an
extension of the principles demonstrated by such AFM charge
detection—but carried to much smaller geometries, higher reso-
nance frequencies, and achieved within an entirely integrated,
nanomachined structure.

These nanometre-scale mechanical electrometers show that
greatly enhanced sensitivity can be expected with future improve-
ments to device design. Our measurements indicate that the 1/f
noise in these devices emanates from the resonator or the charge
coupled to it, similar to findings with the single electron transistor’.
This should be susceptible to careful surface passivation. The
measurement bandwidth can be increased using feedback
techniques®, with which we achieved a bandwidth of 10kHz and a
noise of 2eHz*> limited by the room-temperature feedback
amplifier. Use of a cryogenic amplifier would lead to significantly
improved sensitivity.

We now consider the ultimate theoretical limits to the perfor-
mance of these devices. The charge noise floor is set by the precision
of the measurement of resonance frequency. This, in turn, is limited
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Figure 3 Measurement scheme used to measure changes in the phase of the
induced EMF as a function of coupled charge, for fixed drive current frequency of
2.617MHz. The bandwidth obtained with this technique is limited to
v/Q = 400Hz, due to uncontrolled parasitic capacitances in these prototype
devices.
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Figure 4 Measured charge noise as a function of frequency, using the
measurement set-up shown in Fig. 3. The noise, measured at the output of a
mixer, is scaled to single-sideband value. The horizontal dotted line is the white
noise level of 0.09 e Hz°%, and the sloped dotted line is the level of 1/f noise. Inset,
measured phase variation as a function of d.c. coupled charge to the gate. The
dotted line indicates the zero-frequency charge responsivity. Measurement
performed using set-up in Fig. 3.

by thermal noise in the resonator and the readout amplifier, as given
by equation (1). For enhanced sensitivity, we need low noise
temperatures, high quality factors, Q, and large drive amplitudes,
0 (limited, however, by the onset of nonlinearity at large .) Large-
radii paddles with small electrode spacing are advantageous, but the
accompanying increase in the paddle inertia I, and reduction in
frequency vy, is deleterious, so careful optimization is required.

For our device design we can estimate the thermal limit to the
charge sensitivity. With a drive amplitude of 30 mrad and a readout
amplifier noise temperature of 300K (roughly the value in the
experiment), a voltage bias of 10V on the gate gives a thermally
limited charge noise of 7 X 10~ * ¢ Hz ™ °°. A state-of-the-art cryo-
genic amplifier (noise temperature ~ 10K) reduces this to
1 X 10”*eHz *°. This becomes comparable to a single-electron
transistor operating at 50 mK and measured at 1kHz, where it is
limited by 1/f process>'". If we reduce the torsional rod cross-section
while increasing its length, so that each rod has dimensions
0.1 X 0.1 X 2pm’, and the paddle dimensions are reduced to
0.1 X 0.5 X 1 um’ (here the last dimension is the paddle radius,
r), we obtain a resonance frequency v, = 7 MHz. Placing the gate
electrode 0.1 wm from the paddle edge, we obtain a charge noise
floor of ~3 X 10~ °eHz ™ *’, an improvement of nearly two orders
of magnitude.

These experimental prototypes clearly show that nanometre-scale
mechanical electrometry provides a new means for ultrasensitive
charge measurement; they are unique in that they offer a much
higher potential bandwidth than the single-electron transistor. A
further advantage is their ability to operate at 4.2 K (or higher), as
compared to the millikelvin temperatures required for very low
noise single-electron transistors. This opens possibilities for appli-
cations such as single-photon photodetection'” or ultrasensitive
scanned electrometry". O
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Discovery of a useful thin-film
dielectric using a
composition-spread approach
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The continuing drive towards miniaturization of electronic
devices' is motivating the search for new materials. Consider,
for example, the case of the much-used dynamic random-access
memory. The minimum capacitance per cell that can be tolerated
is expected’ to remain at 30—40 fF, but as the cell area decreases,
the corresponding reduction in geometric capacitance has to be
compensated for. So far, this has been achieved by resorting to
complex non-planar structures and/or using much thinner films
of the dielectric insulator, amorphous silicon dioxide (a-SiO,),
although the latter approach is limited by the electric fields that
can be supported by a-SiO, before its insulating properties break
down. An alternative strategy is to develop thin-film insulators
that have a dielectric constant significantly greater than that of a-
Si0,, reducing the size of the fields required for device operation.
Here we show that a composition-spread technique allows for the
efficient evaluating of materials with both a high dielectric
constant and a high breakdown field. We apply this approach to
the Zr-Sn-Ti-O system, and we find that compositions close to
Zr,15Sn,3Tig550,-5 are better thin-film dielectrics than high-
quality deposited a-SiO,. Although detailed tests of the perfor-
mance of these materials have not yet been carried out, our initial
results suggest that they are likely to be comparable to the best
alternatives (such as (Ba, Sr)TiO3) currently being considered for
integrated-circuit capacitors.

Initial assessment of a new material demands the choice of a
suitable criterion that can distinguish promising materials from
those with little potential. For capacitor materials, the key param-
eters are the capacitance per unit area (C/A) and maximum working
voltage (V). A useful figure of merit’ (FOM) can be defined as the
product of these, that is, FOM = CV/A. As C = e,e,A/d and
V.. = E,.d, where d is the dielectric thickness, €, the dielectric
constant, €, the permittivity of free space, and E;, the breakdown
field, FOM can also be defined as FOM = ¢,¢,E,,. Defined in this
way, FOM corresponds to the maximum charge that can be stored
on a capacitor made from a given material. It is independent of film
thickness to the degree that ¢, and E, are. Note that the useful
working voltage may be much less than the maximum working
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