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ABSTRACT

Single-electron tunneling transistors (SETs) and boxes (SEBs) belong to the family of charge-sensitive electronic devices based on the phe-
nomenon of Coulomb blockade. An SEB is a two-terminal device composed of “leaky,” Cj, and “non-leaky,” Cg, nanoscaled capacitors in
series. At low temperatures, the charge at the common node is quantized and can only be changed near energy-population degeneracy points,
resulting in periodic oscillations of the SEB admittance as a function of voltage applied to Cg. In comparison to the SETs, SEBs have higher
operating temperature, are electrostatic discharge tolerant, and have a much smaller footprint. To monitor the SEB admittance, Radio
Frequency reflectometry can be used. To improve the signal-to-noise ratio, limited by the small change in admittance in an SEB, multiple
devices sharing the same source and gate electrodes are connected in parallel to form arrays of SEBs. Due to unavoidable random offset
charges, the signal boost for an array of N SEBs is expected to be �

ffiffiffiffi
N

p
. We experimentally demonstrate that by carefully choosing the oper-

ating point, the response to the voltage on the sensing gate can be enhanced, for small arrays scales, by a factor approaching N and, thus, pro-
vides a method by which these devices can be used in practical sensing applications, such as a scanning probe.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005425

Single-electron transistors are very sensitive electrometers that
enable charge sensing with unprecedented sensitivities, down to 10�6

e/Hz
1=2.1 A typical SET is composed of a nanoscale “island” coupled to

the outside world by two nanoscale “leaky capacitors” forming tunnel
junctions (TJs), with parameters Cj (junction capacitance) and Rj

(junction resistance), as well as a non-leaky gate capacitance, Cg.
Single-electron boxes (SEBs)2 are very similar to SETs except they are
composed of only one TJ and a gate capacitor [Fig. 1(a)]. At low tem-
peratures (T � Ec=k, where Ec ¼ e2=2CR and CR ¼ Cj þ Cg, in
which e is the electron charge and k is the Boltzman constant), the
electron population on the island is quantized due to Coulomb block-
ade.3 At low temperature, as gate voltage is swept, the energy added to
the system by the gate periodically overcomes Coulomb blockade. The
electron population of the island at these energy degeneracy points
changes one by one in a stepwise manner.4 The use of only one junc-
tion in SEBs reduces CR and increases the operating temperature, an
important feature for scanning probe microscopy applications (see the
supplementary material, Fig. S1 for more information). When design-
ing single electron devices to operate at a desired temperature, the pri-
mary constraint is the total island capacitance. SEBs can allocate more
of the capacitance budget to the gate capacitance, which can further

enhance the performance of an SEB compared to an SET. An example
of an SEB fabricated by the Dolan bridge (DB) method5 is shown in
Fig. 1(b). For the device shown, the size of the junction is about
900 nm2, resulting in a charging energy of Ec � 3 meV and enabling
robust operation at temperatures as high as 10K.

Despite their simplicity, SEBs are not used in practical applica-
tions due to the difficulty presented by the lack of a DC path through
the device. Early investigations used a separate SET integrated with an
SEB to read out the charge state of the SEB, and conventional mea-
surements limited the bandwidth to a few kHz.6 Recently, it was dis-
covered that radio frequency (RF) reflectometry6 measurements could
be used to directly probe the charge state of the SEB in bandwidths up
to tens of MHz7,8 This technique, called “gate-reflectometry,” is also
frequently used for low temperature measurements of other devices
such as semiconductor qubits.9,10

A way to increase the admittance of the sensing single-electron
devices while keeping high voltage sensitivity was experimentally stud-
ied by Gustavsson et al.11 using an array of 200 parallel connected
SETs. However, unavoidable random background charges will shift
the thresholds of individual devices, and at moderately low tempera-
tures, T � Ec=3k, the averaged conductance of the array scales as an
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incoherent sum of sine functions: N1=2 . Any small variation in cou-
pling results in a beating pattern in the transfer function. By biasing
the array in a region with constructive interference, giving higher val-
ues of slopes of the transfer function, d Yj j=dVg, it was estimated that
the sensitivity can be increased by a factor of 2.11

In this work, we study the performance of arrays of SEBs
(SEBAs) in parallel for voltage sensing applications such as a scanning
probe. The studied device structure makes use of a sensing gate with
approximately equal coupling to each island, as well as a tuning gate
with varying coupling to each island. A schematic representation of
this layout for a 3 box array is shown in Fig. 1(c). Similar to the SET
array,11 the maxima in the admittance of an array composed of N
SEBs in parallel are expected to scale in the same manner. However,
three important features distinguish SEB arrays from SET arrays. First,
while charging energy and, thus, operating temperature of an SET
array are dictated by the lowest charging energy device and, thus, even
one shorted SET will lead to failure of the whole array, in SEBAs, the
lowest charging energy devices will just contribute less (and even SEBs
with shorted junctions will only reduce the number of active devices)
but not impede the sensitivity of the rest of the array. Second, since no
DC currents flow across the junctions, there is no contribution from
shot noise.11 Third, SEBAs are almost completely immune to electro-
static discharge (ESD). While SETs are notoriously prone to ESD and
have to be handled with extreme caution, the SEBAs we experimen-
tally studied survived tens of thermal cycles and were connected and
disconnected to various experimental setups, and components were

added to the devices already connected, etc., without any degradation
of performance.

From the standpoint of circuit design, the SEB represents a two-
terminal voltage-controlled variable admittance (Y). When Coulomb
blockade prohibits electron transfer through the junction, its admit-
tance approaches that of two capacitors Cj and Cg in series, while
when the Coulomb blockade is lifted, the magnitude of its admittance
is maximized. Near charge degeneracy points, two mechanisms associ-
ated with the underlying physics of single electron charge transfer
must be taken into account for evaluation of admittance changes in
the SEB. One is the so-called Sisyphus resistance7—excess dissipation
at frequencies x � C—which for a given temperature T is approxi-
mately C ¼ 2kT=e2Rj at the degeneracy point, where x is the RF exci-
tation frequency and Rj is the junction resistance. The second effect is
the enhancement of capacitance due to the ability of an electron to
travel through the junction—the dynamic input capacitance.12 These
two components of total admittance change as the device goes in and
out of blockade, resulting in phase and magnitude variations in the
reflected signal and yielding an equivalent circuit of a parallel combi-
nation of (Gbox) and (Cbox)

13 shown in Fig. 1(d),

Y ¼ Gbox þ jxCbox;

Gbox ¼
e2a2c
4kT

c2

x2
þ 1

� ��1

cosh�2 �eaDVg

2kT

� �
;

Cbox ¼
e2a2

4kT
x2

c2
þ 1

� ��1

cosh�2 �eaDVg

2kT

� �
:

(1)

Here, a ¼ Cg=ðCg þ CjÞ is the lever arm factor of the gate, DVg

is the gate voltage relative to an SEB population degeneracy point, and
c is the net tunnel rate. The magnitude of oscillation of both compo-
nents of admittance for one SEB shown in Fig. 1(b) is much smaller
than the respective magnitude of conductance oscillations in the SET
with the same parameters Cj, Cg, and Rj.

To simulate the response of an array of boxes, the summation is
taken of the admittance of N individual boxes assuming no interaction
between them. It is difficult to directly measure the junction parame-
ters of an SEB, and so the arrays simulated for this work were com-
posed of boxes with parameters based on a typical SET of similar
structure:14 Rj ¼ 49 kX, Cj ¼ 20 aF, T ¼ 2:4 K, and x ¼ 2p� 300
MHz. Two sets of arrays were simulated using different Cg values. For
the first, Cg ¼ 2:9 aF, which corresponds to SEBs with the same struc-
ture as the SET but without the drain side TJ. The second, Cg ¼ 22:9
aF, corresponds to SEBs with the same capacitance budget (42.9 aF) as
the SET, with the extra 20 aF capacitance allocated to the gate. To sim-
ulate expected lithographic variation between individual boxes, the
gate capacitances were randomized according to a Gaussian distribu-
tion using the previous values as the mean and a standard deviation of
10% of that mean, and the junction capacitances and conductances
were likewise randomized with a standard deviation of 15% of the
mean, which is typical of the devices fabricated for this work. Finally,
to account for unpredictable background charge, each box is given a
uniformly random phase shift across its period. These arrays are simu-
lated across a Vg range of both 100mV and 10V. The maximum slope
of the response curve corresponds to the maximum sensitivity.
Therefore, for each simulated array, the maximum derivative of jY j in
the simulated Vg range is extracted. Each array is simulated 100 times,
with new randomized values each time and the mean value extracted.

FIG. 1. (a) Electrical circuit of an SEB. (b) An SEM micrograph of SEBs fabricated
by the Dolan bridge technique. (c) Representative layout of an array of SEBs fabri-
cated using the Dolan bridge process. (d) Equivalent circuit of SEBs with a match-
ing network.
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The result of these simulations is shown in Fig. 2. It is apparent
that a higher gate capacitance results in a large increase in sensitivity.
This occurs for two reasons. First, the peak values of both components
of Y are proportional to a2, and second, as Cg increases, the Coulomb
blockade oscillations are compressed in Vg , increasing the derivative
and, therefore, increasing the sensitivity. In the plot, dashed lines indi-
cate scaling proportional to N1=2, the predicted scaling from a similar
analysis conducted for an array of SETs by Gustavsson et al.,11 and N ,
the maximum possible scaling, which occurs when all N boxes are in
perfect alignment. The mean value across each repetition is given by the
solid curves. From these, it is clear that in both cases, the peak sensitivity
scales proportional toN1=2. However, searching across a wider Vg range
gives more of an opportunity to find a high sensitivity region, resulting
in a higher sensitivity for all array sizes. For the smallest arrays, those
less than around 5 SEBs, the scaling is proportional to N when measur-
ing a wide Vg range. This indicates that for small arrays, it is likely to
find a region where allN boxes converge in the Vg ranges investigated.

To compare a SEBA with a SET with the same 42.9 aF total
capacitance budget (Cj ¼ 20 aF, Cg¼2.9 aF), the sensitivity of the SET
is included in Fig. 2 as a horizontal dashed line. From this, we con-
clude that SEBAs can compete with SETs for N > 8.

Devices for this work are fabricated on fused-silica substrates
using high resolution e-beam lithography and the Niemeyer–Dolan
shadow evaporation technique to define Al/AlOx tunnel junctions (see
the study by Zirkle et al.14 for more fabrication details, and see Fig. S1
in the supplementary material for images of fabricated devices).
Experiments are performed in the temperature range of 0.3–10K. To
suppress the superconductivity of Al, the samples were glued to the
surface of small permanent magnets with a field strength of about
0.4T at the surface. To evaluate junction resistance, SETs with the
same design parameters are fabricated in close proximity to SEBAs.
We consistently fabricate SETs with Ec > 1 meV.14

To characterize the response of the SEBA, we perform a standard
single-port reflectometry measurement using a UHF lock-in amplifier
by Zurich Instruments [for setup information, see the supplementary
material, Fig. S2(a)]. The device or array to be measured is connected
to a p matching network [supplementary material, Figs. S2(b) and
S2(c)]. The matching network is designed to maximize changes in the
reflected signal caused by variations of admittance in the SEBA in
response to the change in gate voltage. Proper design of the matching
network for an SEBA is a subject of a different publication. A quantita-
tive analysis, which enables the accurate back calculation of device
admittance from acquired reflectometry data, is only possible if a
properly calibrated system is used. Since our system is not calibrated,
we will present qualitative results that are sufficient for the determina-
tion of trends and comparison between several arrays measured under
the same experimental conditions.

Voltage gain for an SET is determined by the ratio aset ¼ Cg=Cj;
likewise, this ratio determines the voltage sensitivity of an SEB. For array
applications to obtain better sensitivity, it is best to design the sensing
gate to maximize this ratio within the available capacitance budget. In
practice, a second tuning gate with capacitance Cgtune can be used to set
the operating point of an array to the steepest slopes of constructive
interference peaks within the reachable span of the tuning gate voltage,
Vgtune . An example of the reflectometry signal obtained from array “A”
composed of three SEBs and coupled to two gates is presented in Fig. 3
[see supplementary material Fig. S1(a) for the micrograph of the device].
The 2D map in coordinates Vgsense and Vgtune shows the magnitude of
reflection coefficient C for array “A.” Each SEB generates a set of lines
with a distinct slope @Vgtune=@Vgsense ¼ �Cgsense=Cgtune . Interference peaks

FIG. 3. Plot of the magnitude of reflection coefficient jCj for array “A” as a function
of sensing (Vgsens ) and tuning (Vgtune ) voltages. T ¼ 0:32 K; f ¼ 461MHz. A cross
section shows a large peak with the steepest slopes.

FIG. 2. Plot of the maximum slope of the magnitude of admittance for single elec-
tron box arrays of varying sizes. Each data point is the average of 100 simulations
of the same array conditions with randomization to account for process variation.
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appear at the points of line crossings. Note that the spacing between
lines in each SEB along the Vgsense axis is almost the same, while along
the Vgtune axis, it is distinctly different, indicating dissimilar capacitance
Cgtune for each SEB. This combination ensures the appearance of line
crossings within an easily accessible span of Vgtune . Clearly, the use of
two gates makes it easier to reach such a high-sensitivity crossing point
where the signals add up since to find such a point with a single gate
would require a much broader span of Vgsense . This effect could be
expanded, by including additional gates, up to a limit of one gate per
SEB. However, it is infeasible to control more than a few gates at a time.
The slice at the top of Fig. 3 shows how the signal is greatly increased
where the boxes all align, resulting in a stronger signal and a more sensi-
tive sensor (with a steeper slope of the resulting peak). Since all the
boxes contribute, the sensitivity to the applied gate voltage, dC=dVg,
increases by �N in good correlation with Fig. 2. An estimation of the
sensitivity for array “A” at 320 mK was made by comparing the side-
bands created by a low frequency modulation of the gate electrode with
the level of the noise floor.1,15 From this measurement, a voltage sensi-
tivity per SEB of �12lV/Hz1/2 was found and is expected to scale pro-
portional to N�1=2 (see the supplementary material, Fig. S5 for more
information).

To validate trends predicted by simulations for arrays with a large
number of SEBs, sensitivity measurements were made of a single SEB
and a fabricated array with N ¼ 50. To eliminate differences caused by
dissimilar matching networks, the same matching network was used
for each measurement [see supplementary material Fig. S3(c) for the
details of the experimental setup]. The sensitivity in magnitude of the
single SEB and array with respect to Vgsense is plotted in Fig. 4. An analy-
sis of the expected run-to-run variation for these two devices is given
in the supplementary material, Fig. S6. This example also illustrates the
premise that devices with smaller Ec (including shorted junctions) sim-
ply contribute less to the response of the entire array but do not
degrade the performance as in the case of parallel connection of SETs.

To conclude, we demonstrate that the use of arrays of single-
electron boxes for sensing applications has some advantages compared
to SETs due to higher fabrication density and the elimination of DC

currents as a source of shot noise. Single-electron charging of the SEB
results in periodic oscillations in its admittance due to excess power
dissipation (Sisyphus resistance effect) and deviations from static gate
capacitance (dynamic capacitance effect). To boost the measurable sig-
nal, SEBs can be connected in parallel. We calculate the expected sensi-
tivity of SEBAs as a function of N for a given set of device parameters
in the presence of random background charge and evaluate potential
routes to improve sensitivity and tunability of the arrays. By compar-
ing arrays with different numbers of SEBs, we demonstrate that (a) the
general trend in scaling of signal response is �N1=2 and (b) while the
performance of a single SEB may vary greatly due to parameter distri-
bution, the performance of the array in contrast to SET arrays will be
dictated by the devices with the largest and not smallest charging
energy. From these results, we conclude that SEB arrays provide
attractive solutions for nanoscale voltage sensing applications, such as
scanning probes and on-chip voltage measurements.

See the supplementary material for additional details of fabrica-
tion, test, and sensitivity.
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