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Determination of Coulomb-Blockade Resistances and Observation of the Tunneling of
Single Electrons in Small-Tunnel-Junction Circuits
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Coulomb-blockade effects greatly enhance the resistance of low-capacitance tunnel-junction circuits at
low bias and temperature. Experiments which involve the charging of small capacitances through such
circuits are used to determine semiquantitatively the degree of this enhancement. Resistances of ~ 10"
0 have been observed for four-series-junction circuits whose individual junctions have resistances —10
O. Two-series-junction circuits show lesser enhancements. For the higher resistances, one can observe
directly the charging proceeding in discrete steps as individual electrons tunnel through the circuits.

PACS numbers: 74.50.+r, 73.40.Gk

Coulomb-blockade behavior is characteristic of low-

capacitance tunnel-junction circuits. One of its signa-
tures is an enhanced resistance in the low-voltage region
of the (nonlinear) I Vcurv-e. Thus blockade resistances
of ~10' 0 commonly occur in circuits whose junctions
taken singly have resistances of ~ 10 O. It is suspected,
further, that the enhancements actually may be much
higher than has been measured so far. We report experi-
ments in which a small capacitor (—10 ' —10 ' F) is

slowly charged through such a circuit composed of two or
four junctions of submicrometer dimensions placed in
series. The capacitor voltage is monitored by an adjacent
blockade-based electrostatic voltmeter. The RC time de-

lay between the capacitor voltage and the applied voltage
gives an approximate blockade resistance of the array.
Resistances from & 10' to & 10'" 0 have been observed
in this way. For the higher resistances (occurring only in

the four-junction arrays) currents of + I electron/s can
be involved. In some such cases the discrete passage of
the individual electrons is seen in real time. Such high
resistances are desirable for potential applications in

metrology (e.g., the "single-electron turnstile" [I] or re-
lated devices [2] as a standard of current) or perhaps in

memory devices.
To review [3] briefly, consider the Giaever-Zeller-type

[4] circuit of two tunnel junctions in series, with a region
of low capacitance C between junctions. (Multijunctions
circuits behave similarly but are more complicated in de-
tail. ) The current flow is impeded by the electrostatic en-

ergy needed to move a tunneling electron to the low-

capacitance region. In our experiments, for example, C is
—0.1 —I fF, and the energy barrier of —e /2C is -0.1-1
meV. At temperatures T ( 1 K the I-V curves are corre-
spondingly nonlinear in the region of V—e/C. For
V»e/C the resistance approaches the usual series resis-
tance of the junctions, but for V«e/C it is much higher,
due to the barrier. Furthermore, the I-V shape is sensi-
tive to any "modulation voltage" VM on an electrode hav-

ing mutual capacitance CM with the low-C region. As
VM increases, the high-resistance region alternately
shrinks to nothing and reexpands to full size cylindrically,
with period e/CM.
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FIG. 1. Cyclic curves for a two-junction array. The curves
are olYset vertically to avoid overlap. Curve a, lf, vs VI (ex-
panded horizontally && 20). Curve b, 11, vs VJ at 1.3 mV/s.
Curves c, II vs VJ at three sweep rates, 1.3, 0.13, and 0.07
mV/s from top to bottom. Inset: A sketch of the circuit.

The semiclassical model predicts a thermally activated
blockade resistance proportional to exp[(e /2C)/kT] at
low V and T (with VM set to maximize the blockade).
This is because the energy of a tunneling electron impart-
ed by the bias plus any thermal energy is usually small
compared to e /2C. For metrology purposes the ratio of
blockade resistance to that of the individual junctions
should be & 10". The semiclassical model predicts that
this will occur at an attainable T, e.g. , T—0.05 K for
e/C —0.2 mV. A quantum treatment [5] suggests, how-

ever, that such enhancements will be hard to realize with
a two-junction device, due to what is called "macroscopic
quantum tunneling of charge. " Multiple-junction devices
are predicted to be more promising in this respect. Ex-
perimental support for this picture has been obtained [6].

The experimental circuit is sketched in Fig. 1. The
series array 5 of two or four junctions is the device under
test. I t connects voltage VJ to an otherwise-isolated
patch of thin film K of area —10-1000 pm . The capac-
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itance of K, C», is charged or discharged through 5 as VJ
is changed. A nearby two-junction circuit E has a central
region Y coupled to K with capacitance C~~. As de-
scribed above, the shape of the I-V curve of E is modulat-
ed periodically by the voltage of K, V&, with period
e/CF». Hence E serves as a voltmeter to monitor V».
All the films lie on an oxidized degenerately doped silicon
substrate L. The capacitance between K and L consti-
tutes the bulk of C~. The voltage of L, V~, modulates the
shape of the I-V curve of 5, periodically for two junctions
(with period e/Czt ) and quasiperiodically for four junc-
tions. Both V~ and Vq affect E in the same way but with
different periods e/CF» and e/CzL. The junctions are of
the usual [7] Al-oxide-Al thin-film form, of typical di-
mensions ~ 0. 1 p m and resistances of —10 —10 A.

A number of such circuits have been studied. For
two-junction arrays the area of K was usually made com-
paratively large, —1000 pm, in expectation of a lower
blockade resistance. Four-junction arrays generally used

smaller areas for K, 2-100 pm . The I-V of 5 could not
be measured directly. We believe the resistances and ca-
pacitances are similar to those of the electrometers, judg-
ing from the I-V curves of cofabricated and two- and
four-junction monitor circuits. Generally, the Coulomb-
blockade behavior displayed in the measured I-V's was of
the well-developed form expected from the semiclassical
model, allowing a fairly accurate determination of the
resistances and (for two-junction circuits) capacitances.
Resistances and capacitances of nominally identical co-
fabricated circuits usually differed by less than &2 and
& 1.25, respectively. Estimates of geometrical capaci-
tance compared reasonably well to measured values. The
range of T was 0. 1 —1 K. The Al electrodes are supercon-
ducting in this range, but may be driven normal by appli-
cation of a magnetic field.

In the superconducting state the I-V curve of a single
junction shows a well-known increase in resistance at low

V and T from quasiparticle freeze-out. For T & 1 K and
h, =0.2 m V the expected increase is proportional to
exp(2. 3/T). We suspect this exponential behavior may
not continue much below T—0.2 K. In this regime
quasiparticle freeze-out is extreme in that no quasiparti-
cles are present most of the time in the isolated low-

capacitance region whose volume is —10 cm . (This
might even depend on whether the number of electrons
present is odd or even. ) The current fiow, even though

100 electrons/s, may induce a nonequilibrium density.
Pair tunneling may also act to lower the resistance.

In a typical experiment E is biased such that its current
lt: is sensitive to the capacitor voltage V» (and Vt ). One
then sweeps VJ in a sawtooth over —1-20 mV in
—1-200 s and IE is plotted versus VJ over one or more
cycles. Such cyclic plots comprise most of the data to be
shown [8]. As discussed, V» often lags behind VJ, such
that hysteresis occurs in this plot. The voltage across 5 is
V5' VJ V» and the current through 5 is Iz =C» d V»/

dt. Ideally, one could extract the I-V of 5 from data at
various sweep rates, but our data quality is inadequate for
that. We can only speak of an approximate resistance
R =Vs/Iq. (Since the I-V is nonlinear, the value of R
will depend on Vg. )

In Fig. 1, 5 is a two-junction array in the supercon-
ducting state at T=0.15 K. Here C~ is -0.2 pF, as es-
timated from geometry and direct measurements of
smaller capacitances. Curve a is a cyclic (both sweep
directions) plot of 1~ vs VL(x 20) showing the oscillatory
response period (period 0.95 mV) of E to substrate volt-

age. Curve b is a cyclic plot of IE vs VJ. The oscillatory
shape (period 21 mV) is much like that of curve a, but
regions of hysteresis occur periodically. At the maxima
of these regions, V& departs from V~ by ~0.6 mV and
lags by —0.5 s so that roughly R —3x10' A. In the in-

termediate region where there is minimal hysteresis we

estimate that R & 5x10 A. The periodic occurrence of
hysteresis is due to the waxing and waning of the
blockade resistance of S. This is induced through Cql as
described above, except that VJ changes and Vt is fixed
rather than vice versa. The period, —4.5 mV, is compa-
rable to that found in the I-V of monitor devices of simi-
lar geometry. Curves c are taken at a different bias for E
and a shorter range of VJ with three different sweep rates
of VJ. Hysteresis which is well developed at 1.3 mV/s
dwindles at 0.13 mV/s and disappears in the noise at 0.07
mV/s. R seems to increase by only about a factor of 2
from Vg —0.6 mV (upper curve) to Vg —0.2 mV (middle
curve). At higher temperatures the hysteresis decreased
and was largely gone by 0.4 K. In the normal state, ob-
tained by applying a magnetic field, no hysteresis was ob-
served at T~ 0.12 K. For E the I Vshape give-s e/C
—0.3 mV and the individual junction (normal state)
resistances are RJ —5 & 10 A. Assuming similar num-

bers for S, the semiclassical model predicts (at T=0.15
K) a maximum blockade resistance in the normal state of
-6x10' Q. The resistance in the superconducting state
at the intermediate points, where the blockade is

suppressed by modulation voltage, should be just the
junction series resistance, —10 0, augmented by super-
conducting quasiparticle freeze-out to (perhaps) -5
x 10' Q. The predicted maximum blockade resistance
in the superconducting state (at V~ =0) is —3X10' Q.
One would not expect, then, hysteresis in the normal
state, and also perhaps not in the superconducting state at
the intermediate points (depending on the extent of
quasiparticle freeze-out). The ( 10' 0 maximum ob-
served resistance, however, is far below that predicted.
Since four-junction arrays on the same chip had resis-
tances ~ 10' 0 this discrepancy seems not to be the re-
sult of experimental difficulties. The predicted [5] quan-
tum limit on the blockade resistance of a two-junction
circuit is R[ —JRtr/(JI/ t)e], where» is a number —10.
Even a conservative estimate of RJ —10 —10' 0 for the
superconducting junctions still gives a much larger resis-
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though still substantial. This difference may be due par-
tially to quantum eA'ects.
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