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Accuracy of single-electron currents produced in hybrid turnstiles at high operation frequencies
is, among other errors, limited by electrons tunnelling in the wrong direction. Increasing the barrier
transparency between the island and the leads, and the source-drain bias helps to suppress these
events in a larger frequency range, although they lead to some additional errors. We experimentally
demonstrate a driving scheme that suppresses tunnelling in the wrong direction hence extending
the range of frequencies for generating accurate single-electron currents. The main feature of this
approach is an additional AC signal applied to the bias allowing additional modulation of the island
chemical potential. By using this new approach under certain parameters, we improve the single-
electron current accuracy by one order of magnitude. Finally, we show through experimentally-
contrasted calculations that our method can improve accuracy even in devices for which the usual
gate driving gives errors ∼ 10−3 at high frequencies and can bring them under 5× 10−4.

I. INTRODUCTION

Since the revision of the SI (système international
d’unités) [1], quantum devices have been used for real-
izations of base units in terms of fundamental physical
constants, especially in the electrical domain [2–5]. For
current standard implementations, mainly single-electron
transport experiments have been carried out [6–8]. In
particular, SINIS (S stands for superconductor, I for in-
sulator, N for normal metal) single-electron turnstiles
(SET) have been widely implemented as sources of sta-
ble DC currents [9] among other applications [10–12] in-
cluding a power standard [13]. In order to provide a
reliable standard for the ampere, accuracy in generat-
ing a current I = ef , with e the elementary charge and
f the turnstile operation frequency, besides high mag-
nitude (at least 100 pA) are needed. Deviations from
the desired current arise from tunnelling errors such as
missed tunnelling events [14], two-electron Andreev re-
flection [15, 16], inelastic co-tunnelling [17], quasiparti-
cle poisoning [11, 12, 18–20] and junction sub-gap leak-
age [21–24] among other photon-assisted processes due
to the effect of the electromagnetic environment [25].

In the past, many proposals to minimize these er-
rors have been put forward, mainly through device en-
gineering. Superconducting quasiparticle poisoning has
been reduced by changing the lead geometry and super-
conducting energy gap engineering [11, 26, 27], among
others [12, 18]. Efforts for correcting missed tunnelling
events have been directed towards error counting [14, 28–
30]. Andreev tunnelling can be suppressed by increas-
ing the island charging energy Ec so that it is larger
than the energy gap ∆ of the leads, as well as by in-
creasing the tunnel barrier resistance [15, 31]. Further-
more, proper engineering of the electromagnetic environ-
ment has proved to reduce the junction sub-gap leak-

∗ marco.marinsuarez@aalto.fi

age [32, 33] and was proposed for suppressing inelastic
co-tunnelling [34]. One additional important error is the
tunnelling of electrons in the direction opposite to the
bias voltage [13]. These undesired events give I < ef
and appear when the amplitude of the driving signal is
large enough and its rate of change (proportional to f)
is comparable to the device response scale. Typical ap-
proaches to avoid these include the decrease of either
the total tunnel resistance of the device RT or Ec, how-
ever, this may result in an enhancement of two-electron
Andreev events. Furthermore, increasing the DC source-
drain bias voltage also helps to suppress these events,
but at the same time promotes sub-gap leakage current.
As an alternative, in the present work we demonstrate
and justify a new driving method that extends the useful
driving frequency range of a SINIS SET by suppressing
electron tunnelling in the wrong direction and favors de-
sired events. Our approach mainly consists of adding
a periodic modulation to the source-drain bias synchro-
nized with the gate voltage modulation.

Our method effectively modulates the rate at which the
island chemical potential crosses the energy thresholds
that trigger tunnelling events. This allows to increase the
time window for tunnelling, favoring the desired events
and effectively blocking the unwanted ones. Particularly,
we slow down the evolution of energy difference for the
wanted processes while accelerating that of the unwanted
events, hence decreasing the likelihood of the latter ones.
Recently, a similar approach has been employed to sup-
press back-tunnelling events in semiconductor quantum
dot single-electron pumps [35], but with no bias modu-
lation. With this, we go beyond the device and setup
optimization for error suppression, turning instead our
attention to modifying the island chemical potential evo-
lution beyond the simple gate waveform modification.

This article is divided as follows. In Section II we
present the experimental methods used for the produc-
tion of this work results. The DC and AC characteri-
zation of the device under test is shown in Section III.
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FIG. 1. (a) False-color electron micrograph with the mea-
surement circuit used. Red is normal-metal, blue is super-
conductor. V0b, DC bias voltage; Ab, peak-to-peak (pp) bias
amplitude; n0g, normalized DC gate-induced island charge;
Ag, normalized pp gate charge amplitude; I, generated cur-
rent; A, ammeter. (b) DC IV curve. Green vertical lines are
measured data within several gate periods and magenta lines
are maximum and minimum current calculated with a Marko-
vian model. (c) Top half of the stability diagram for a SINIS
SET with r = 1. Inside the Coulomb diamonds, ideally, no
current flows in the DC regime. Light red diamond corre-
sponds to the island with excess charge n = 0 and light blue
diamond to n = 1. Lines are tunnelling thresholds, blue (red)
corresponds to right (left) junction, continuous (dashed) lines
correspond to tunnelling into (out of) the island. Crossing
the line adds or removes one electron to or from the island.
(1) is the flat driving, (2) designates the parabolic driving.

Next, in Section IV we present the physical reasoning be-
hind the results of this paper. Furthermore, the results of
this work are presented in Section V. Finally, Section VI
presents the conclusions of this article.

II. EXPERIMENTAL METHODS

A. Fabrication

In order to put into practice our new method we fab-
ricated the device of Fig. 1(a). The normal metal is-
land (red in Fig. 1(a)) is made of copper and the su-
perconducting leads (blue in Fig. 1(a)) are made of
aluminum. We use e-beam lithography (EBL, Vistec
EBPG5000+ operating at 100 kV) for sample pattern-
ing and e-beam metal evaporation for the metallization
of the devices. We do the only EBL step on a Ge-
based hard mask [36] deposited on top of a silicon-oxide
coated silicon wafer. This mask is composed of a layer
of 400 nm of poly(methyl methacrylate-methacrylic acid)
(P(MMA-MAA)) covered by a 22 nm layer of Ge which is

deposited by e-beam evaporation, there is a final top layer
of poly(methyl methacrylate) (PMMA). In this pattern-
ing step, the small island and contacts of the SINIS tran-
sistor are drawn together with large bonding pads and
connections between these and the small features. For
easier handling, the full 4 inch wafer is cut into smaller
chips containing several devices. After development of
the top PMMA layer, the pattern is transferred to the
intermediate germanium layer by reactive ion etching in
carbon tetrafluoride CF4. Next, inside the same cham-
ber, the pattern is transferred to the bottom P(MMA-
MAA) layer by anisotropic oxygen plasma etching. Im-
mediately after this, an undercut profile is created by
etching this layer with isotropic oxygen plasma. After
this, we metallize the structure, first by depositing 20 nm
of aluminium by e-beam evaporation at an angle of 15.2◦

to form the leads. Inside the evaporation chamber, this
layer is oxidized with 2.2 mbar of oxygen for 2 minutes.
To create the island and finally form the SINIS device,
30 nm of copper are deposited at an angle of −14.8◦. The
chip is then bathed in acetone for removing excess metal
and remaining P(MMA-MAA).

B. Measurements

After fabrication, the chip is cleaved to fit in a cus-
tom made sample holder to which one device is bonded.
This sample holder has been modified so that surface
mounting inductors and capacitors form bias tees be-
tween DC and radio-frequency (RF) inputs, which are
then connected to the sample gate and source electrodes
by aluminum wires. The remaining drain electrode is
connected to a DC line only. DC levels of the applied
signals are injected through the bias tee inductors while
RF signals are injected through the bias tee capacitors.
The sample holder is then attached to the mixing cham-
ber of a custom made dilution refrigerator with a base
temperature of ∼ 100 mK. We apply DC signals through
cryogenic lines composed of resistive twisted pairs run-
ning from room temperature down to the fridge 1 K flange
and nearly 1 m of Thermocoax cable down to the mixing
chamber. RF signals were applied through the lines con-
sisting of stainless steel coaxial cable installed between
the room temperature (top) and 4.2 K flanges, a 20 dB at-
tenuator at this temperature, followed by a feedthrough
into the inner vacuum can inside which a NbTi coaxial
cable follows from the 1 K flange down to the RF input
of the holder. Additionally, at room temperature, 40 dB
attenuation is applied to the line carrying the source-
drain RF bias signal and a further 20 dB attenuator is
connected to the gate RF line. We generate DC and AC
signals by programmable voltage sources and waveform
generators, respectively. To measure current, we use a
digital multimeter for reading out the voltage in the out-
put of the transimpedance current amplifier (FEMTO
Messtechnik, model LCA-2-10T) connected to the device
drain electrode through a DC line. To ensure proper syn-
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chronization and phase shift between the bias and gate
RF signals, both were generated by of a 2-channel ar-
bitrary waveform generator (Keysight, model 33522B).
Each measurement of the pumped current was iterated
typically 15 times and later averaged subtracting those
repetitions during which a charge offset jump had oc-
curred. Then, the offset of the current amplifier was sub-
tracted by comparing the curves measured with biases of
equal magnitude and opposite polarity.

III. DEVICE CHARACTERIZATION AND NEW
PROPOSAL

Figure 1(b) shows the device DC current-voltage char-
acteristics, which we measure by sweeping the DC gate
voltage through about two gate periods for each DC bias
voltage (green vertical lines). We calculate the maximum
and minimum current using a Markovian equation (ma-
genta lines, see Appendix for details on this model) with
the following parameters: ∆ = 210µeV, Ec = 2.48∆,
total normal-state tunnel resistance RT = 4.53 MΩ, ra-
tio between left and right junction tunnel resistances
r = 0.15 and the Dynes parameter [37] η = 3.5 × 10−4.
The IV curves simulated with these parameters agree well
with the measured data. The superconducting gap of
the leads creates a bias voltage zone inside of which, ide-
ally irrespective of the gate voltage, no current flows, see
Fig. 1(b). For biases 2∆ < V0b < 2∆ + 2Ec current is
suppressed only for certain gate voltages. These features
create a diamond-like structure in the bias voltage-gate
voltage parameter space inside of which the island charge
remains stable. Figure 1(c) depicts two of these (only the
upper half is shown) for states with zero and one extra
electron in the island for a device with r = 1, notice how
the diamonds overlap. These zones are bounded by the
tunnelling thresholds, which, if crossed, trigger a single-
electron tunnelling event between the island and one of
the leads, either left (L) or right (R). These are defined
by

∆ = ±2Ec (n− ng ± 0.5)± eVb,L/R ≡ δε±L/R. (1)

We adopt the convention that positive biasing is from left
(L) to right (R), hence Vb,L = κLVb and Vb,R = −κRVb,
where κi is the ratio between the junction i capacitance
and the total capacitance. Additionally, n is the initial
island charge state. In Eq. (1) the plus signs indicate a
tunnelling event into the island and minus signs indicate
events out of the island. The thresholds for n = 0, 1 are
depicted in Fig. 1(c), see its caption for further explana-
tion. The key to the turnstile operation is to follow a path
that crosses a threshold for electron tunnelling into the
island through one junction and then crosses another for
a tunnelling out of the island through the opposite junc-
tion without leaving the stability region. The most basic
trajectory is depicted in Fig. 1(c) as path (1), henceforth
called flat driving. Following this path back and forth
with frequency f generates current I = ef [9]. However,

FIG. 2. (a) Typical single-electron current plateaus at f =
1 MHz with only DC bias. The legend shows the correspond-
ing DC bias voltage V0b. Dots are measured data, solid lines
are simulations. Inset: zoom-in around I/(ef) = 1 showing
the accuracy of the measured single-electron current and of
our modelling. (b) As in panel (a) for f = 5 MHz. Note how
the plateaus bend down which is a clear signature of back-
tunnelling.

in Fig. 1(c) the curve designated as (2) is also suitable
for generating DC currents. Such a path can be realized
by adding an extra modulation to the bias such that

ng = n0g +
Ag

2
sin (ωt),

Vb = V0b +
Ab

2
cos (2ωt),

(2)

with ω = 2πf . Considering time t as a parameter,
Eq. (2) verifies Vb = V0b + Ab/2 − 4 (ng − n0g)

2
Ab/A

2
g,

that is, a parabola with negative concavity. Here, Ab

is the peak-to-peak (pp) amplitude of the bias signal,
Ag the pp amplitude of gate signal, ng = CgVg/e
with Cg the capacitance between the gate and the is-
land and Vg the voltage applied to the gate, in our de-
vice Cg = 7.28 aF. In practice, n0g is set to the gate
open position at the bottom of the parabola given by
nopen

0g = (V0b −Ab/2) (r − 1) / [4Ec (r + 1)]+0.5, assum-

ing r = κR/κL, which is a good approximation in this
case. However, the choice of n0g only affects the width of
the current plateaus against Ag and whether or not cer-
tain ones appear. Notice that this path can be reduced
to the flat one by setting Ab = 0.
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The results of applying the flat driving are depicted
in Fig. 2 as dots along with calculations based on the
same Markovian model used in the DC characterization
and the same parameters, as solid lines. Our calculations
carefully follow the dependence of the current against the
driving amplitude for several biases, capturing deviations
from the quantized current. Notice that for f = 1 MHz
(Fig. 2(a)) I ∼ ef in a broad Ag interval (see inset) hence
forming a clear plateau for most of the applied bias volt-
ages except when excess events start to appear (for which
I > ef). In contrast, for f = 5 MHz (Fig. 2(b)) these
current plateaus bend down in a wide range of gate am-
plitudes such that I < ef (see inset) and the accuracy de-
creases with increasing Ag until the next current plateau
is reached. This occurs because when the driving am-
plitude increases, the parametric curve it traces crosses
additional tunnelling thresholds before reaching the next
charge state. These thresholds allow tunnelling events
against the bias direction, referred to as back-tunnelling
events, which limit accuracy in Fig. 2(b). Such processes
will only take place when the island has not been filled or
emptied by the desired (forward-)tunnelling, which hap-
pens when the corresponding forward-tunnelling rates are
comparable to the inverse of the time elapsed between
the crossings of the favorable and adjacent unfavorable
thresholds, we designate this interval duration by δt. For
continuous drivings the extent of this time interval de-
creases with increasing frequency. There is an additional
proportionality on V0b whose form depends on the spe-
cific path and waveform, this is clearly shown in Fig. 2.
Thus, in order to generate accurate single-electron cur-
rent, one should increase δt. We propose that applying
the parabolic driving helps in this regard since it reshapes
the quantities δε±L/R so that the desired events cross the

threshold with a lower rate and the undesired ones do
this at a higher rate, thus increasing δt.

IV. EFFECT OF THE PARABOLIC DRIVING
ON THE SYSTEM DYNAMICS

We clarify such proposition in this Section by explain-
ing how the parabolic protocol affects the island chemi-
cal potential evolution and what is its impact on back-
tunnelling events based on the Markovian model de-
scribed in the Apendix. As shown there, the time evolu-
tion of the system is contained in δε±L/R (Eq. (1)) through

ng and Vb. These quantities control the tunnelling rates
(Eq. (A2)), which, ideally, become non-zero only when
δε±L/R ≥ ∆, that is, when the energy thresholds defining

the stability diagram of an SET are crossed. We plot in
Figs. 3(a)-(b) the evolution of δε±L/R within one driving

period τ , where each panel corresponds to one kind of the
tunnelling process (either out of, Fig. 3(a), or into the is-
land, Fig. 3(b)) for both junctions. In the case of the flat
driving (solid lines), the evolution is entirely controlled
by the gate signal ng and accordingly adopts its shape,
we present the curves for Ag = 1.06 and V0b = 200µV.
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FIG. 3. (a) Time evolution of the system energy difference for
single-electron tunnelling out of the island in the flat protocol
(solid lines) and in the parabolic protocol (dashed lines). Red
indicates processes through the left junction, blue through
the right, the magenta dashed line designates the tunnelling
thresholds, τ is the period of the driving signal. (b) As in
(a) for single-electron tunnelling into the island. (c) Integral
of the forward tunnelling rate against bias amplitude in the
cases of panels (a) and (b).

For the parabolic driving (dashed lines), this evolution
is also controlled by Vb, hence δε±L/R adopts a different

time evolution as compared to the flat driving; in Fig. 3
we used Ab = 240µV. The tunnelling thresholds are de-
picted as magenta dashed lines in Fig. 3. Notice that the
curve for the desired tunnelling events (δε−R and δε+L , in
our particular case) crosses the threshold before the un-
desired ones (δε−L and δε+R, in this case), whose crossings
are only possible if the modulation amplitude is large
enough. Hence, ideally, the former events will happen
first making the latter ones impossible. However, if the
time elapsed between the crossings of the two thresholds
(δt in Fig. 3(a)) is too short, then the favourable event
may not take place before the threshold crossing of the
undesired event, therefore allowing the latter to occur.
In the case of Fig. 3, there is clear back-tunnelling for
the flat driving when f = 1/τ = 5 MHz, see Fig. 2(b).
Notice how the use of the parabolic driving reshapes the
curves and extends δt.

We show, based on a simplification of the model de-
scribed in the Appendix, that by extending this time in-
terval back-tunnelling is suppressed. First, we simplify
the model by assuming zero temperature, TN = TS = 0,
and perfect junctions, η = 0. Under these conditions, the
tunnelling rates Eq. (A2) become

Γ
(
δε±L/R

)
=

1

e2RL/R

√(
δε±L/R

)2

−∆2, (3)
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FIG. 4. (a) Current plateaus using the parabolic driving at f = 5 MHz and V0b = 200µV, the legend designates the used
pp bias amplitude. Dots represent measurements, solid lines simulations. (b) Deviation from ideal |I/ (ef)− 1| of data and
calculations of panel (a) with the same legend. (c) Depiction of the used protocols in the ng − Vb space. Colors correspond
to the curves of panel (a) and (b). The stability diagram corresponds to the estimated parameters of the measured device. It
has been zoomed-in to the intersection between charge states for clarity. Tunnelling thresholds correspond to the convention of
Fig. 1(c). (d) Measured current plateaus using the proposed protocol at f = 5 MHz and V0b = 100µV, the legend designates
the used pp bias amplitude. (e) As in (b) corresponding to panel (d). (f) As in (c) corresponding to panel (d) and (e). (g)
Current calculated at the plateau (Ag = 1.2) as a function of the pp bias amplitude of the parabolic protocol, curves from right
to left go from V0b = 0 to 360µV in steps of 20µV.

which is valid for δε±L/R ≥ ∆. In our particular case,

the right junction, in so far as the less transparent one,
sets the lower bound for back-tunnelling, because tun-
nelling rates through this junction are lower. Therefore
we focus on the events occurring through the right junc-
tion. We make a further approximation by stating that
the probability of having one electron in the island at the
time when the back-tunnelling process energy crosses the
threshold t← (that is, when δε−L = ∆, see Fig. 3(a)) is [38]

p1(t←) ≈ exp

(
−
∫
δt

Γ
(
δε−R
)
dt

)
. (4)

Having p1(t←)� 1 means that the island has already
been emptied before back-tunnelling becomes energeti-
cally favorable, while p1(t←) . 1 means that the is-
land is not necessarily empty at t← and hence it will
likely be emptied through back-tunnelling. Therefore,
the larger the quantity ϕ =

∫
δt

Γ
(
δε−R
)
dt, the less likely

back-tunnelling. In the case of Fig. 3(a), ϕflat ≈ 4.45
for the flat driving while ϕpar ≈ 8.20 for the parabolic
one. We have then, ϕpar > ϕflat. Hence, applying
the parabolic driving reduces the likelihood of back-

tunnelling events. Fig. 3(c) shows that ϕ grows with
Ab, therefore a larger bias amplitude suppresses back-
tunnelling more efficiently.

V. RESULTS AND DISCUSSION

A. Experimental results

We prove this experimentally by presenting the mea-
sured results for f = 5 MHz in Fig. 4 where back-
tunnelling has a strong influence on the current plateau.
Fig. 4(a) shows the results of applying the parabolic driv-
ing with V0b = 200µV for several bias amplitudes Ab as
dots. Note that the Markovian model agrees well with
the measured current after applying a correcting factor
of two to the amplitude of the AC signal delivered to the
source electrode, which we deem as a result of the RF
line transmittance, see the solid lines in Fig. 4(a). From
these curves it is evident that the overall effect of the
driving is to increase the current in the back-tunnelling
affected regime, a clear signature of back-tunnelling sup-
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FIG. 5. (a) Simulated current plateaus. The legend shows the biasing conditions for the flat protocol. The dashed line was
calculated using the parabolic protocol with the amplitude given in the legend. (b) Deviation of current of panel (a) with the
same legend. (c) Calculated current at the plateau (Ag = 2.0) against the protocol amplitude Ab. Legend indicates the used
V0b (d) Zoom-in of the enclosed area of panel (c). Inset: zoom-in of the enclosed area.

pression. These detrimental processes are replaced by
forward-tunnelling events which keep the current closer
to the desired value I = ef . Fig. 4(b) shows the deviation
from ideal |I/ (ef)− 1| of data in Fig. 4(a), notice that
the flat driving at V0b = 200µV gives a current accuracy
of ∼ 10−3 at best.

Instead, using a pp bias amplitude of 100µV, 180µV
and 240µV lowers the deviation to the 10−4 level. A de-
piction of the paths followed in the stability diagram of
the measured device can be seen in Fig. 4(c). From there
it is clear that for larger Ab the path length between the
threshold crossings for desired events and for undesired
ones increases. For V0b = 100µV the improvement is
more drastic, see Figs. 4(d) and (e). The minimum devi-
ation achieved with the flat driving is > 10−2 while this
is on the level of 10−3 and even below for a narrow inter-
val of gate amplitudes for Ab = 400µV, Fig 4(f) shows
the followed paths. Furthermore, for most of the plateau
the error even exceeds 10−1 in the first case while in the
second one the error remains below 10−2 for a wide Ag

interval. This demonstrates that even for the conditions
in which accuracy is otherwise poor we can increase it
by one order of magnitude or more using the extra bias
modulation. In Fig. 4(d) we can see that the maximum
current (against Ag) decreases with increasing Ab before
starting to increase. Interestingly, this happens in the
gate amplitude interval where back-tunnelling is not en-
ergetically favorable. According to our model, this effect
is due to an interplay between the reshaping that the
protocol causes on δε±L/R and the sub-gap states in the

superconducting leads (leakage). Because of these, tun-
nelling is possible even when δε±L/R < ∆, though with

lower rates. In general, the parabolic driving increases
the maxima of these quantities for undesired tunnelling
while decreasing them for desired events. Therefore,
back-tunnelling sub-gap rates increase while lowering the
forward-tunnelling ones, and current decreases. This im-
balance is accentuated with increasing Ab and is only im-
portant as long as the forward-tunnelling thresholds are
not crossed. Such an effect is minimized with better junc-
tions having a lower Dynes parameter. To understand
how the current at the plateaus varies with Ab, we plot
in Fig. 4(g) the former against the latter. These curves
have been calculated with a constant Ag = 1.2. We see
that even for V0b = 0 our measured protocol can recover
the expected current for large enough Ab. However, the
higher the DC bias, the more sensitive the current be-
comes to the bias amplitude. In any case the current
tends to converge around the ideal value, although not
with the same robustness as against Ag or V0b. Ideally,
one expects the current not to depend very strongly on
Ab around ef in order to have a good standard, therefore
one would expect to see plateaus against this parameter.

B. Future prospects

We use our theoretical model to evaluate how promis-
ing the parabolic driving is. For this, we simulate the
turnstile operation for a device with ∆ = 200µeV, Ec =
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1.2∆, RT = 200 kΩ, η = 10−6 and r = 1. These param-
eters ensure that the turnstile produces accurate single-
electron currents for driving at high frequency. Further-
more, we set the island temperature to TN = 10 mK and
the leads temperature to TL/R = 100 mK, which cor-
responds to a good quasiparticle relaxation. These are
realistic device characteristics that can be routinely ob-
tained with dedicated fabrication and setup condition-
ing [11, 22]. We show in Fig. 5 the calculated current
at operation frequency f = 240 MHz for which, ideally,
I ≈ 38.45 pA. It is clear that with the flat driving, even
though certain biases are subject to back-tunnelling ex-
cept for V0b = 280µV and V0b = 320µV, accurate single-
electron current emission is achievable with plateaus
ranging between 10−4 and 10−3 deviation, see Figs. 5(a)
and (b). It is also evident that the application of the
parabolic driving with V0b = 200µV and Ab = 250µV
increases the accuracy of the current compared to the
flat driving when the same DC bias level is applied since
it dramatically reduces back-tunnelling. Moreover, the
current produced with the new protocol is clearly more
accurate than any other presented in Fig. 5(a). In fact,
although deviations go even to 10−5 for the flat driv-
ing, we get a broader region for which the error falls
below 10−3 and 10−4 when using our new approach. Ad-
ditionally, the implementation of our method improves
the flatness of the plateau. Fig. 5(c) shows the behav-
ior of the current against Ab for several values of V0b at
Ag = 2. We can see that the robustness of the plateaus
improves compared to Fig. 4(g). Furthermore, for certain
DC bias values the current remains very much constant
(see Fig. 5(d) and inset) although for these there is gener-
ally no discernible improvement in current accuracy when
employing the new method (Ab 6= 0). Here, as well as in
Fig. 5(a) we ascribe the reduction of excess current to an
enhancement of back-tunnelling-induced leakage by the
parabolic protocol as previously explained.

Further implementations of SET driving with bias
modulation could include a phase shift of this signal by
π, inverting the parabola. This would decrease the time-
window for forward-tunnelling-only, however, it could
also reduce the current leakage. We would like to stress
that all in all the use of any kind of modified driving pro-
tocol involving bias modulation alters the rate at which
δε±L/R passes the tunnelling thresholds while keeping the

operation frequency. Thus, these strategies can be used
to improve the accuracy of frequency-to-power conversion
of Ref. 13 by reducing the threshold passing rate of the
energies [38] while keeping the magnitude of generated
power constant. Apparently, additional improvements
are needed in order to attain the accuracy of 10−7 at the
output currents of ∼ 100 pA demonstrated in the semi-
conductor electron pumps with a tunable barrier [39, 40].
These may include a better protection from the envi-
ronmental photons that promote leakage while allowing
proper bias driving. Lower tunnel resistances are also
necessary while Ec > ∆ is kept so that the unwanted tun-
nelling events due to Andreev reflection are suppressed.

VI. CONCLUSIONS

In summary, we have, for the first time, tested a
SET driving involving bias modulation in a SINIS de-
vice added to the commonly used gate periodic modu-
lation. This second signal applied to the source elec-
trode of the transistor has a frequency twice as large and
an appropriate phase-locking with respect to the gate
driving. Furthermore, we provided evidence of the ad-
vantage of using this scheme against the usual one un-
der diverse conditions. We conclusively showed that the
main effect of this new approach is the suppression of
the tunnelling events going against the bias. These hin-
der the accuracy of single-electron currents at high gate
driving frequencies, therefore our method enhances this
quantity. A Markovian description of the system, which
accurately models the measured currents, supports this
assertion. We also showed that this method can be em-
ployed with noticeable improvement for a broad interval
of source modulation amplitudes. Furthermore, based
on the theoretical model, we made clear that our ap-
proach holds the promise of improving the accuracy in
devices with optimized parameters that allow generation
of larger and accurate single-electron currents with the
usual driving. This work opens the path for testing new
SET protocols other than gate driving alone. Many more
driving methods can be implemented by modifying the
used waveforms as well as the frequency and phase shift
of the bias modulation.
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APPENDIX: MODEL DESCRIPTION AND
NUMERICAL SIMULATIONS

A. General model

We described the SINIS transistor dynamics using the
Markovian model described in the Supporting Informa-
tion of Ref. 12. Here we reproduce this explanation with
modifications pertinent for the present study.

We model the dynamics of a single-electron transistor
from a stochastic master equation for the number of ex-
cess charges in the island n. The probability of having
n excess electrons (also referred to as the state n), p (n),
evolves as [41–44]

d

dt
p (n, t) =

∑
n′ 6=n

γn′np (n′, t)− γnn′p (n, t), (A1)
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where γnn′ is the total transition rate of the system for
going from state n to n′. In the specific case of an SET,
the transition rates are given by γnn′ = ΓL

n→n′ + ΓR
n→n′ .

Here, Γ
L/R
n→n′ is the transition rate between individual

charge states n and n′ due to tunnelling through either
left (L) or right (R) junction.

We restrict the model to single-electron tunnelling and
two-electron Andreev reflection. In a NIS junction the
rates for these processes are given by

Γ
L/R
n→n±1

(
δε±L/R

)
=

1

e2RT

∫
dE nS

(
E − δε±L/R

)
fN (E)

[
1− fS

(
E − δε±L/R

)]
, (A2)

for single-electron tunnelling, and

Γ
L/R
n→n±2

(
δε±2

L/R

)
=

~∆2

16πe4R2
TN

∫
dE fN

(
E + δε±2

L/R/2
)
fN

(
−E + δε±2

L/R/2
)
|a (E + Ec − iξ/2) + a (−E + Ec − iξ/2)|2 ,

(A3)

for Andreev tunnelling. For the case of Eq. (A2) δε±L/R
is given in Eq. (1) and for Eq. (A3)

δε±2
L/R = ±4Ec (n− ng ± 1)± 2eVb,L/R. (A4)

Here Vb,L = κLVb and Vb,R = −κRVb, κL/R is the ratio
between the junction capacitance and the total capaci-
tance, Vb is the bias voltage applied between the source-
drain leads of the transistor, n is the initial island ex-
cess charge, ng is the charge number induced by the gate
voltage, Ec is the charging energy and + (−) designates
tunnelling to (from) the island.

In Eqs. (A2) and (A3), ∆ is the superconducting gap
of the leads, RT is the tunnel resistance of the junction
involved in the event and N is the number of conduction
channels which can be written as A/Ach, with A being
the junction area (∼ 50 nm×60 nm for the present device)
and Ach is the area of an individual channel, estimated
to be 30 nm2, although this precise value does not affect
the results of the model in the present case since Ec >
∆ [15]. The term ξ takes into account the energy of the
intermediate (single-electron tunnelling) state which has
a finite lifetime and correspondingly can be calculated as
~
∑
± Γn→n±1 [17], for the present case we use ξ/∆ =

10−5. For our purposes, the exact value of this quantity
does not have an impact on the value of the rates [45].
Additionally, fN is the Fermi-Dirac distribution function
for electrons in the normal-metal island, fS is that for the
superconducting lead involved in the tunnelling event and

nS is the superconducting density of states given by [46].

nS (E) =

∣∣∣∣∣∣Re

 E/∆ + iη√
(E/∆ + iη)

2 − 1

∣∣∣∣∣∣ . (A5)

Here η is the Dynes parameter that helps model sub-gap
leakage [37]. Finally,

a (x) =
1√

x2 −∆2
ln

(
∆− x+

√
x2 −∆2

∆− x−
√
x2 −∆2

)
. (A6)

In our work we have measured the SET in two different
regimes, namely the DC and turnstile operations.

B. DC operation

For calculating the current through the SET as re-
sponse to applied DC bias (Vb) and gate voltages (Vg)
through ng = CgVg/e, we solve Eq. (A1) in steady state,
that is, dp (n, t) /dt = 0. Since the charge states n are
discrete, one can express Eq. (A1) as a matrix equation

Ap = 0, (A7)

where pn = p (n), Ann = −
∑
n′ 6=n γnn′ and Ann′ = γnn′

for n 6= n′. Hence, the steady-state probability of having
n electrons in the island is found through calculating the
null space of A.

In order to get accurate results in the DC regime, heat-
ing of the island due to non-zero power dissipation has
to be taken into account. To do this, we need to cal-
culate the total power transferred to the normal-metal
island in the steady-state regime by proposing a vector
q such that qn = Q̇N

n→n+1 + Q̇N
n→n−1 with Q̇N

n→n±1 =

Q̇N,R
n→n±1 + Q̇N,L

n→n±1, where
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Q̇
N,L/R
n→n±1

(
δε±L/R

)
=

1

e2RT

∫
dE EnS

(
E − δε±L/R

)
fN (E)

[
1− fS

(
E − δε±L/R

)]
, (A8)

that is, the power transferred by the electron tunnelled
in a single event. Also, δε±L/R is the related energy cost of

single-electron tunnelling defined by Eq. (1). Then the

total power transferred to the island is Q̇ = q · p. This
power is dissipated by electron-phonon interaction [47]
creating an equilibrium state in which the phonon tem-
perature T0 (which is taken as the temperature of the
bath) differs from the temperature of the island electron
system TN. These temperatures depend on the power
dissipated as Q̇e−ph = VΣ

(
T 5

N − T 5
0

)
, where V is the

volume of the island and Σ is the electron-phonon cou-
pling constant (≈ 8.4× 109 WK−5m−3 for copper, which
was obtained in earlier experiments [13]). An additional
power transfer due to Andreev reflection is considered
in the form of Joule heat, that is, Q̇A = 〈IA〉Vb [48],
where IA is the current due only to Andreev events and
Vb is the applied bias voltage. Finally, the heat balance
is Q̇e−ph = Q̇+ Q̇A, in the present case Q̇A ∼ 0. Notice
that the transition rates depend also on TN. Hence, this
quantity has to be solved for self-consistently to satisfy
Eq. (A7) and the heat balance.

Once TN is determined with sufficient accuracy (for
this we set a tolerance of 0.01 mK), Eq. (A7) can be
solved for p. Then, the current through the SET I can
be calculated as

I = b · p, where

bn = e
(
ΓL
n→n+1 − ΓL

n→n−1

)
+

2e
(
ΓL
n→n+2 − ΓL

n→n−2

)
.

(A9)

C. Turnstile operation

For modelling the turnstile operation we cannot use
Eq. (A7). Instead we have

d

dt
p (t) = A (t)p (t) . (A10)

The time dependence of matrix A stems from the time
dependence of δε±L/R, which, in turn, is contained in ng for

the flat driving and additionally in Vb for the parabolic
driving, see Eqs. (2) in the main text.

To calculate the current, we propose an evolution equa-
tion for the state averaged charge in the island 〈q〉s [44]

d

dt

[
p (t)
〈q〉s (t)

]
=

[
A (t) 0

b (t)
T

0

] [
p (t)
〈q〉s (t)

]
. (A11)

Notice that Eq. (A11) includes Eq. (A9).
The solutions of Eq. (A11) are given by[
p (t)
〈q〉 (t)

]
= exp

(∫ t

0

dt′
[
A (t′) 0

b (t′)
T

0

])[
p (0)
〈q〉 (0)

]
. (A12)

In the specific operation of the single-electron turnstile,
one assumes periodic boundary conditions for p with the
same period as ng, the driving signal. This is reason-
able since the tunnelling rates have the same periodicity
as this signal. Therefore, one can approximate the in-
tegral by discretizing the driving cycle of period τ in m
intervals of size δτ = τ/m. At the end of the period the
exponential is then

Ũ(τ) =

m∏
k=1

exp

(
δτ

[
A (tk) 0

b (tk)
T

0

])
, (A13)

where tk = (k − 1)δτ .
We decompose this propagator as

Ũ(τ) =

[
U (τ) 0
UT
b (τ) 0

]
. (A14)

Then, we impose the boundary conditions in Eq. (A12)
to get

p (τ) = p (0) = U (τ)p (0) . (A15)

The calculation of p has been reduced to determining
the eigenvector of U (τ) corresponding to the eigenvalue
1. Finally, we calculate the average charge according to
Eq. (A12) as 〈q〉 (τ) = Ub (τ) · p(0). As a result, the
average current can be written as I = 〈q〉 (τ) /τ .
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