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Abstract

We report on a metrological application of the
single eclectron tunneling (SET) phenomena: a
precise measurement of the ratio of two cryogenic
capacitors. Our measurement used a
superconducting SET electrometer as the null
detector for a capacitance bridge. We have
achieved a 3-ppm level of imprecision in the
measurement of capacitance ratio from 100 to 1000
Hz. We used custom-made cryogenic vacuum-gap
capacitors, which have a leakage resistance of no
less than 1019 Q. Further improvements can be
made in the attempt to obtain an imprecision of

10-8 at lower frequencies, sufficient for the
metrological measurement of capacitance or the
fine-structure constant using an SET pump.

The study of electron tunneling in small devices
at low temperatures has led to the discovery of
the Coulomb blockade, which causes reduced
conduction below a critical bias voltage. This
discovery has inspired extensive research into
the basic phenomenon of single electron tunneling
(SET) and several suggestions for important
potential applications. These include metrology,
in particular for better definitions of capacitance
or current. We report here the first use of a
superconducting SET electrometer to perform
capacitance ratio measurements on a new design of
cryogenic vacuum capacitors.

This application was suggested recently for a
capacitor charging experiment([1], driven by the
development of single electron pumps, which can
provide a current (in the pA range) with
metrological accuracy(2]. These pumps directly
convert a frequency, f, to a current, fe, where e is
the electronic charge. The small current possible
with present-day pumps is a significant
limitation to their direct use as current standards,
which has led to the idea of charging a capacitor
with a given number of electrons and measuring
the voltage that develops[1].

There are several critical elements which are
needed before this metrological experiment can be

demonstrated at the competitive 108 level.
These include the development of a pump with
sufficiently low error rate[2], the development of
cryogenic capacitors with sufficiently low
dissipation, and the use of SET electrometers as

null detectors. We report here on results for the
second and third elements.
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Figure 1. Circuit diagram for the capacitance
ratio measurement. The boxed element is the SET
transistor, composed of two ultrasmall tunnel
junctions and a coupling capacitor CC for the gate.
Is.p is the source-drain current, which is
converted and amplified to provide the signal
voltage. V1 and V3 are the externally-imposed
(AC or DC) voltages, Vaux an external DC
voltage applied to the SET transistor gate, and
C1 and Cp the three-terminal cryogenic
capacitors.

Design

The basic circuit (shown in Fig. 1) allows
performance of a bridge measurement. Voltages
V1 and V2 were applied using either a precision
resistance voltage divider (below 10 Hz) or an
inductive voltage divider (up to 1 kHz). If the
ratio of the voltages does not satisfy the bridge
condition, an imbalance will result at point a.
This imbalance will cause an out-of-balance
signal to be generated on IS.D, which is
converted to a voltage and amplified.

The cryogenic vacuum-gap capacitors were
custom-fabricated, three-terminal devices (two
plates plus a grounded guard), made from
machined Cu kinematically supported by small
(1.5 mm) spherical sapphire standoffs, chosen for
their low electrical and high thermal
conductivity. The capacitors had about 0.5 pF of
capacitance each[3].
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Figure 2. Results of DC switching measurements,
to search for leakage through or drift in the value
of the cryogenic capacitors(3]. The upper panel
shows the voltage V1,2 = V1 = V2 applied to both
C1and C3: a step at 50 s, and a small ramp from
950 to 1000 s. The lower panel shows the resultant
changes in Is.p: a step at 50 s, and a periodic
modulation from 950 to 1000 s. This modulation
demonstrates the periodic transconductance of
Is-p (V1,2).

Results

Fig. 2 shows the results of a search [3] for
leakage through the cryogenic capacitors. The
lack of drift in Ig.p after the application of a
step voltage applied in parallel to the capacitors
indicates the lack of both leakage through Cj
and C3, and drift in the value of C1 + C2,
Detailed analysis [3] indicates a lower bound on
the leakage resistance of about 1019 Q. See [3] for
more details.

Fig. 3 shows the results of the bridge ratio
measurement at a frequency of 300 Hz[4]. The set
of curves represents balance measurements at a
variety of ratios V2/V1. The middle two curves
bracket the null condition (no oscillations) setting
an upper bound for the imprecision of the balance
measurement of about 3 ppm. See [4] for more
details.

Conclusions
The results shown herein are encouraging for the
ultimate goal of a metrological experiment using
a SET pump to charge a capacitor. Future

necessary improvements to reach 108 imprecision
include: better SET transistor null detectors,
especially at lower frequencies near 1 Hz, and
better tuning of the nominal value of C1 and C2, to
allow accurate comparison to the calculable
capacitor experiment.
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Figure 3. Results of a bridge ratio measurement [4]
as indicated in Fig. 1. The six curves, vertically
offset for clarity, correspond to IS.pD as a function
of the auxiliary voltage Vayux, at a variety of
values of V2/V1, as indicated. The oscillations
apparent on either side of the balance condition
correspond to the derivative of the
transconductance curve, as seen in Fig. 2 from 950
to 1000 s.
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