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We measure the charge sensitivity, Se, of a single electron transistor (SET) in the

presence of strong (Vrf — e/Cg) spurious radio frequency (rf) signals at frequencies up

to 50 MHz, where Cg is the gate capacitance. Although Se appears to degrade when

exposed to Vrf, we find that broadening of conduction peaks is largely due to the

measurement technique and show that Se is maintained even with strong Vrf

present. We show cancellation of a known Vrf signal at 1 MHz, demonstrating that a

stable bias point in the presence of rf signals is possible.

Superconducting single electron transistors (SETs) [1, 2] make exquisite charge sensors

due to the sharpness of the conduction resonances between coulomb blockade minima as well as

-other sharp conduction features. Charge sensitivity of Se ,,,-- 1 x 10 s electrons' or better
/ A/ I-

has been demonstrated in the rf-SET configuration [3, 4]. SETs of various forms have found

applications in many areas including sensing the motion of micro-mechanical resonators [5] and as

qubit readouts for electrons in Si [6] and GaAs [7] quantum dots. SETs have also been

demonstrated as charge counters for electrons on helium films [8]. It is likely that a solid-state spin-

based multi-qubit system would use integrated SET charge sensors for readout. In such a system,

readout would occur in the presence of crosstalk from neighboring qubits. For example, parallel
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readout of neighboring qubits, gating, clocking, and control logic signals may all be present at

varying levels. In this context, we seek to understand how robust is the SET's charge sensitivity and

how rapidly the charge sensing performance degrades when rf signals are present.

In this paper, we examine the charge sensing performance of an SET strongly-coupled to

spurious radio frequency (rf) signals. Sinusoidal and square waveforms with frequencies f up to 50

MHz were used to simulate control and clock signals in complex quantum circuits. We observe that

although small amplitude rf signals (Vrf e/Cg) broaden the conduction peaks between coulomb

blockade minima, this effect is not heating, but rather a smearing of the SET conductivity versus

gate voltage, Vg, GsEr(Vg). Here, e is the electron's charge and Cg is the capacitance of a gate to the

SET. Evidence comes from measurements with stronger Vrf Cg where the conduction peaks split

in two and shift outwards in Vg, relative to the original peak, in proportion to the strength of Vrf. In

these conditions, no additional broadening is seen after the initial splitting when square

waveforms are applied and only minimal additional broadening when sinusoidal waveforms are

applied. Also, when the rf induced peak shifts add to an integer number of electrons on the SET

island, larger conduction peaks are measured due to the overlapping of the shifted peaks and

improved charge sensitivity is seen. In a further experiment, we compensated for an applied Vrf,

producing a stable bias point despite the presence of two rf signals. These results show that a SET

can maintain charge sensitivity comparable to Vrf = 0 even in the presence of relatively large rf

signals and extend the application range of the SET.

Our SET was fabricated using double-angle evaporation and in-situ oxidation to create Al/AlOx

tunnel junctions [9]. An SEM image of a co-fabricated device, see Fig. la, indicates that the

junctions are approximately 70 nm by 65 nm in area and have estimated junction capacitance C,
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0.23 fF [10]. Each junction has

normal resistance Rn = 450 ka

From Rn and C j we estimate an

intrinsic bandwidth of, fmax

11 •-=,' 1.5 GHz [3]./ (2n-R„ Cj)

Conductivity measurements

were performed at a temperature

of T 40 mK in a dilution

refrigerator fitted with coaxial

wiring and 80 MHz copper powder

filters on all lines. The sample was

housed in an aluminum sample

box. Standard lock-in technique,

with a small excitation voltage, Vac= 18 ILLV at 83 Hz, was used to measure the current through the

SET, /c,c, as the gate voltage, Vg, and source-drain bias voltage, Vsd, were varied as shown in Fig. lb.

Room temperature trans-impedance and voltage pre-amplifiers amplified current from the SET.

From this data, we extract the charging energy, Ec = 87 IN or about 1 K, and verify the

superconducting gap of aluminum, A = 193 ,u1/. Also, the coupling of the SET island to the

lithographically defined gate is measured, Co = 73 aF. A second gate was created by passing a

bond wire over the chip and SET, so that it has a weak capacitance to the SET island of Cg2 0.5 aF.

Testing the SET's charge sensing performance in the presence of large Vrf e/Cg2 requires good

signal to noise and as much dynamic range as possible. Thus, a Vsd bias point featuring large
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Figure 1.(a) SEM micrograph of the device. b) Characteristic scan of Vsd bias

vs. V,. Line cuts at the c) Josephson quasiparticle resonances and d) coulomb

blockade peaks outside the gap. Note that (b) is unintentionally offset in Vsd

by about 200 /IV, probably by input offsets in the amplifier chain, and a large

discontinuity at Vsd = -0.65 mV is likely due to a range change error in the Vsd

voltage generator.
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conduction peaks is desirable. Inside the
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Figure 2 shows the results of repeated lac Figure 2. a) Scans of lac vs Vg with sinusoidal waveform,

Vrf, , at 1 MHz applied. Line cuts at b) = 0 , Vrf =

0.18, and d) Vrf = 0.33.

vs. Vg measurements at Vsd = -0.775 mV while

4

applying sinusoidal Vrf at 1 MHz to the second gate, Vg2. The Vac excitation used to measure lac was

12 µV. The overall pattern of conduction

peaks broadening then splitting into two sub-

peaks with separation proportionate to the

strength of Vrf is shown in Fig. 2a. Viewed in

real time, Vrf would be seen to shift the

chemical potential of the SET, visET, and hence

the conduction peaks, rapidly through a range

±Vrf/Cg2 many times during the measurement
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interval—dictated by the time constant of the
Figure 3. a) Scans of lac vs. Vg with square waveform at 1 MHz applied

applied (Vr.d. Line cuts at b) Vrf = 0 , Vrf = 0.18, and d) Vrf = 0.33.

lock-in amplifier—provided Vrf varies slowly
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compared tofmax, which is true in these experiments. Because Vrf is —104 times faster than the

measurement, /ac vs. Vg in Fig. 2 reflects an average of GSET(Vg). Figure 2b shows /ac vs. Vg with no

applied Vrf. Small Vrf<< e/Cg2 blurs this image resulting in broadening of the conduction peaks.

Figure 2c was recorded at Vrf = 0.18, where the conduction peaks have separated into distinct sub-

peaks. As Vrf increases further, the sub-peaks migrate outwards from the original peak position

reflecting that a sinusoidal Vrf mostly favors two positions of visET. At Vrf = 0.33, the sub-peak shifts

equal ± Z and the negative and positive shifted sub-peaks overlap forming a single peak of larger

amplitude, shown in Fig. 2d. This scenario repeats at VI= 0.66 where the shift is ± e. A gradual

decrease in amplitude of the conduction maxima and increase in conduction elsewhere manifests

as the pattern in fig. 2a evolves to higher Vrf because the sinewave gives some weight to all possible

positions of µSET between +Vrf and - Vrf. However, even for Vrf sufficient to shift the sub-peaks by

± 
—3e 

strong conduction resonances remain.
2

A square waveform applied as Vrf should result in averaging just two positions of GSET, doubling

the measured /ac vs. Vg pattern but producing little or no broadening. Figure 3 shows repeated /ac

vs. Vg measurements performed with a square waveform at 1 MHz at the same bias point, Vsd = -

0.775 mV. Figure 3b shows /ac vs. Vg with no applied Vrf, and Fig. 3c shows /ac vs. Vg with Vrf = 0.18,

sufficient to split the initial peaks in half and shift them by ± 7te so that 5 peaks of about —40 pA

now appear, half the peak value of /ac seen in Fig. 3b. At Vrf z•-• 0.3, a shift of ± 
2, 
as in Fig. 3d, three

peaks are again seen and of nearly the same amplitude as in Fig. 3b. Overall, a pattern of sub-peaks

migrating outward without reduction in fidelity is shown in Fig. 3a, and the topmost line in Fig. 3a,

with shifts of ± 
2' 2 

nearly reproduces the lowest line, but with an shift. These observations
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support the idea that the SET is responding rapidly to Vrf. The absence of broadening at large Vrf in

Fig. 3a suggests the broadening seen in Fig. 2 was due to /ac averaging the sinusoidal waveform

used and not heating caused by the applied MHz frequency of Vrf.

The SET charge sensitivity, Se, is calculated from data in Figs. 2 and 3, taking the measurement

bandwidth from the lock-in time constant of 30 ms. The maximum slope, Alac/AVg on the side of a

conduction peak, is extracted for each /ac vs. Vg measurement, and Se =
Si

, is calculated
slope xVe\ BW

where (57 1 pA is the current noise in the measurement and Ve = 2.2 mV is the change in Vg to add

one electron to the SET island. Figure 4 plots Se vs. Vrf for both sine and square waveforms.

Unsurprisingly, the best charge sensitivity was achieved at Vrf= 0 where S e 1.4 x

10-4 e / 
Iz

. For sinusoidal waveforms, Se falls off rapidly as Vrf increases. We found a simple
/ 

functional form , Se - allifi/2+p, the dashed line in Fig. 4, describes this reduction in Se well; here

a =2.10-3 and r3 = 1.10-4. The simplicity of this function roughly allows Se to be predicted for known

amplitude rf signals. Similar dependence on

-e-Sine 1 MHz

sinusoidal Vrf is seen for frequencies up to 30 -e-Square 1 MHz
-e• 30 MHz Sine
-+ 100 kHz Sine
--fit

MHz as well as at lower frequencies-100 kHz

is also shown. In contrast, for square 103

waveforms, Se vs. Vrf remains flat, degrading

only by a factor of two relative to Vrf = 0.
I p

Where the split peaks overlap at Vrp---.0.33,
1o40

0.66, and 1, Se is nearly as good as at Vrf= 0.

For square waveforms, Se at 100 kHz was

similar to the 1 MHz data in Fig. 4. In a
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Vrt (Arb. U)
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Figure 4. Se versus Vr1 for sinusoidal and square waveforms.
Data for sinusoidal Vrf at 100 kHz and 30 MHz is also
shown. The dashed line is a fit to the 1 MHz dataset.
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subsequent cool down, we tested VI of larger amplitudes, up to ± 5 e 1 Cg2, and f up to 50 MHz and

saw Se vs. Vrf follow qualitatively similar—flat—results to those shown in Fig. 4, but with worse

baseline Sedue to a different Vsd bias point.

These data show that charge sensitivity is retained even when large rf signals are applied. To

make full use of the potential Se, a stable bias point is needed, and can be had by applying a

compensating signal, 1.4, to a gate which nulls Vrf. This approach is common in experiments with

charge sensors and multiple gates when working at low frequencies or DC.

Figure 5 shows repeated /a, vs. Vg measurements while a compensating signal, Vc, is adjusted to

cancel Vrf, with traces offset for clarity. In this
350

measurement, 1/g and 1/, were applied to the weakly 
300
250

coupled gate, and Vrf was applied to the more strongly
200
150
100

coupled gate. Although this gate choice was not important 50
0

to the measurement outcome, it resulted in a broader 
-1000 -500 0

Vg (mV)

500 1000

range of Vg per coulomb blockade peak, and limited how Figure 5. lac vs. V, with constant Vrf producing

e/3 splitting. Compensating voltage, Vc, applied

with increasing amplitude to remove the
large a signal could be cancelled. Initially, a 1 MHz sine splitting.

wave of amplitude 0.3 electrons, was applied (dark solid

line) to Vg2. V, was then applied to the gate line, partially cancelling Vrf. The amplitude of V, was

gradually increased until full compensation was achieved (dashed red line). A comparison of the

gradients along Vg (dla,/dVg) of the compensated data (dashed curved) to the uncompensated data

(solid curve) shows about a factor of five enhancement in Se is achieved with compensation. This

experiment was performed at 100 kHz and at 1 MHz and is feasible for known interference
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signals—as phase locking of 1/c and V rf is required—up to 50 MHz considering the filtering in our

measurement.

In conclusion, we have measured the performance of an SET charge sensor while applying large

rf signals to understand how strongly coupled signals affect charge sensitivity. We find the charge

sensitivity degrades from Se — 1.4.104 to about, Se — 4.10-4 when strongly coupled (V z 1 e/Cg2)

square waveforms < 50 MHz signals are present or from Se — 1.4.104 to about Se — 2.10-3 at V z 1

e/Cg2 if sinusoids are used, but that such signals cause little or no heating. Finally, we have

demonstrated cancellation of a known spurious signal at 1 MHz indicating that a fixed bias point is

possible even in conditions where multiple signals are present as is likely in future quantum

processor applications provided these signals are known.
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