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The performance of superconducting devices is often degraded by the uncontrolled appearance and disappear-
ance of quasiparticles, a process known as poisoning. We demonstrate the electrostatic control of quasiparticle
poisoning in the form of single-charge tunneling across a fixed barrier onto a Coulomb island in an InAs/Al
hybrid nanowire. High-bandwidth charge sensing was used to monitor the charge occupancy of the island across
Coulomb blockade peaks, where tunneling rates were maximal, and Coulomb valleys, where tunneling was
absent. Electrostatic gates changed the on-peak tunneling rates by two orders of magnitude for a barrier with
fixed normal-state resistance, which we attribute to the gate dependence of the size and softness of the induced
superconducting gap on the island, corroborated by separate density-of-states measurements. Temperature and
magnetic field dependence of tunneling rates are also investigated.

DOI: 10.1103/PhysRevB.108.L.041302

Recent advances in hybrid semiconductor-superconductor
materials [1] have led to new modalities of control of super-
conducting devices from multiplexers to detectors to qubits.
For instance, in hybrid nanowires (NWs), the combination of
superconductivity, spin-orbit interactions, and Zeeman cou-
pling can give rise to Majorana zero modes [2-5], expected
to exhibit non-Abelian braiding statistics potentially useful
for error-protected quantum computing [6]. For this and other
applications [7-10] it is vital to engineer a long parity lifetime
in these new systems [11].

A superconducting island coupled to electronic reservoirs
via tunneling barriers has a ground state with all electrons
paired whenever the superconducting gap A exceeds the
charging energy Ec. On the other hand, if Ec > A, charge
states involving an unpaired electron can become energeti-
cally favorable, and ground states show alternating even-odd
charge occupation as a function of gate-induced charge N,
[see Fig. 1(b)]. Atelevated temperatures or out of equilibrium,
unpaired quasiparticles (QPs) generated within the device or
entering via tunneling restore le periodicity via a process
termed QP poisoning.

Experiments have previously shown that intentionally en-
gineering the superconducting gaps of the island Apgjang, and
lead Ay caq, to be unequal can strongly influence the tunneling
rates of the island [12,13]. In particular, for Ajed < Alslands
where, on average, QPs should be repelled from the island, it
was found experimentally that the low-temperature Coulomb
blockade was 2e periodic. When Afgjang < Aread, Where QPs
should be, on average, attracted to the island, le periodicity
was observed, indicating rapid poisoning of the island from
the lead.

In this Letter, we investigate the on-resonance tunneling
of le charge onto and off of a tunnel-coupled Coulomb is-
land (QP poisoning) in an epitaxial InAs/Al NW device with
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an integrated charge sensor and a lead made from the same
NW, with separate gates controlling the potential and density
on the island and the density in the semiconductor part of
the lead. The island has Ec > A [5,11,14]. Consistent with
Ref. [15], we find that deep in the Coulomb blockade valley,
the charge configuration was stable and no tunneling was
observed. Close to a charge transition of the island, where
protection by Ec is lifted, QP tunneling was observed in real
time. More importantly, we found that the tunneling rate at
the charge transition was controllable over two orders of mag-
nitude by gating the lead. Correlating this behavior with bias
spectroscopy suggests that it is the influence of gate voltages
on the induced gap on the island and leads that is responsible
for the gate-dependent tunneling, comparable to Refs. [12,13].
Increased tunneling with magnetic field and temperature was
also investigated.

The tunneling of QPs on us to ms timescales has previ-
ously been detected in real time using fast radio-frequency
(rf) reflectometry [15-20]. QP poisoning rates of supercon-
ducting islands have previously been estimated based on the
statistics of switching current while changing the current
ramping rate [21,22]. Here, we implement a direct method,
by directly reading the island charge using a high-bandwidth
integrated charge sensor [23-27]. By controlling the induced
gaps through adjacent gate voltages, a change of two orders of
magnitude was observed in the rate of charge jumps.

Figure 1(a) shows a schematic of the measurement configu-
ration. The Coulomb blockaded superconducting island (blue)
is capacitively coupled to an rf charge sensor (green) using
a floating metallic coupler (yellow). The energy diagram of
the superconducting island is shown in Fig. 1(b). The even-
odd regime is characterized by alternating spacing between
the charge degeneracies when Ec > A. The superconducting
island was tunnel coupled to a superconducting lead (red),

©2023 American Physical Society
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FIG. 1. (a) Schematic of the measurement configuration: The
superconducting island (blue) is capacitively coupled to an rf charge
sensor (green) using a floating metallic coupler (yellow). High-
bandwidth readout allows detection of the charge state of the island
with a time resolution of a few microseconds. (b) Electrostatic energy
diagram of the superconducting island in the even-odd regime when
the charging energy Ec is larger than the induced superconducting
gap A. N, = 1 corresponds to a gate voltage Vigaa ~ 2 mV as seen
in Fig. 2(b). (c) False-color electron micrograph of the nanowire
with colored segments corresponding to the schematic in (a). Long
plunger gates control the electron density of the corresponding
nanowire segment while the short cutter gates control tunnel barriers.
Quasiparticle tunneling is controlled by Vj ¢,q.

fabricated on the same N'W, ohmically connected to a normal-
metal reservoir. Figure 1(c) shows a false-color micrograph
of the device. The 100-nm-diameter NW is grown using the
vapor-liquid-solid technique in a molecular beam epitaxy sys-
tem with InAs [111] substrate crystal orientation. Following
the NW growth, Al is deposited epitaxially in situ on three
facets of the NW with an average thickness of 10 nm [28]. The
NW is then manually positioned on a chip with few-um pre-
cision. Using electron beam lithography and Transene D wet
etch, the Al shell was removed from the nanowire near narrow
gates denoted LCut, MCut, and RCut (cutters). Extended gates
denoted L, Island, Lead, and R (plungers) tune the density
in the corresponding segment of the NW [29,30]. Charge de-
tection was performed using the capacitively coupled charge
sensor with a 20 us integration time [23]. As seen in the
scanning electron microscopy (SEM) image [Fig. 1(c)], the
right side charge sensor has a broken capacitive coupler. This
sensor was not used in the experiment. During the counting
experiment, the bias voltage across the superconducting island
was set to zero, Vsp = 0, thereby grounding the leads. The
measurements were performed in a dilution refrigerator with
a base temperature of 20 mK and a 1-1-6 T vector magnet.
For all measurements, V;, = Vg =0V, and Vrcy Was set
positive to fully open the RCut junction. For charge-counting
measurements, a single-lead Coulomb island was formed by
setting Vicye strongly negative, disconnecting the left side of
the island, while Vycye Was set so that the normal-state con-
ductance of MCut was ~0.35¢?/h, checked via transport with
LCut fully open. Typical charge sensing data for Vic,g =0V
are shown in Fig. 2(a), with each trace shifted for clarity.
For each time trace, the demodulated reflectometry voltage
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FIG. 2. (a) Time traces (rows offset) showing le tunneling of
the island (blue segment in Fig. 1) as the plunger voltage Vigang
was swept over several Coulomb valleys. Near charge degeneracies,
individual switching events are visible in the demodulated rf signal
Vie, while island charge is stable within Coulomb valleys. (b) Time-
averaged sensor signal V;; (sawtooth shape reflecting cross coupling
combined with change in charge state) with color map indicating
alternation of average charge. (c) A zoom-in time trace close to
charge degeneracy showing single-electron tunneling in real time.
The background colors show the digitized data binned to two levels
using a thresholding algorithm and corresponding to one excess
electron on or off the island. (d) Tunneling rates I"._,, (green) and
Iy (red) as a function of island plunger voltage Vigang. The gate
dependences of the crossing points of the two rates show an even-odd
effect, as shown by the arrows and their corresponding labels. The
average equilibrium (on resonance) tunneling rate Iy is found by
averaging rates at several crossing points. All data at zero magnetic
field.

Vie was sampled at a fixed plunger voltage Vigand, then Vigiana
was stepped to the next value. Near charge degeneracies rapid
tunnelings were observed, while away from transitions the
switching vanished, reflecting stable charge configurations
in the Coulomb valleys. Averaging each time trace yielded
a single average charge-sensor signal, which is plotted as a
function of Vig,nq in Fig. 2(b). From Fig. 1(b), when A/E¢c <
1, transition spacings are uniform, and when A/Ec =1 the
odd peaks disappear [31]. The degree of even-odd spacing of
the transitions in Fig. 2(b) indicates A/Ec ~ 1/2. An induced
superconducting gap A ~ 250 ueV (see Fig. 4) thus yields
Ec ~ 500 ueV.

Figure 2(c) shows a time trace acquired with Vig,ng fixed
near a charge degeneracy. The high signal-to-noise ratio of
the sensor signal (SNR > 3 [32]) allowed the use of simple
thresholding to determine the transitions between odd and
even occupations [color coded in Fig. 2(c)] rather than more
sophisticated thresholding techniques [16,33]. Specifically,
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tunneling rates were determined from time traces such as
this by dividing the number of transitions out of a charge
state, even or 0dd, Ne(o)—o(e)» DY the total time Y #.(o) spent in
that state within the time trace, Te(0)o(e) = Ne(o)—o(e)/ D fe(o)
[34].

The resulting tunneling rates I'._,, (green) and [y (red)
are shown in Fig. 2(d). The two rates cross at each charge
degeneracy, identifying both the value of Vi5ang Where even
and odd occupancies are equally likely, and the tunneling rate
(le charge transition rate) at that transition, indicated by black
arrows in Fig. 2(d).

Motivated by Refs. [12,13], which demonstrated that QPs
are attracted to small-gap regions, we investigate how QP
tunneling of the island depends on plunger voltage Vi cuq,
which can alter the induced gap of the nanowire lead. To
do so, we associate the QP tunneling rate with the equilib-
rium (on resonance) tunneling rate I'eq found by averaging
[eo)—»oe) [green(red)] over several adjacent charge degen-
eracies [arrows in Fig. 2(d)] for fixed Vie.q. Values for
[eq are determined in a similar manner for various values
of VLead-

Figures 3(a) and 3(b) show tunneling rates I'eio)—o() as
Vislana  drives the island through several Coulomb valleys
for widely different lead plunger voltages, Viecaa = —2 and
+4 V. Because of the unavoidable capacitive coupling of
WLead to the tunnel barrier, it is necessary to adjust Vycy in
order to keep the effective tunnel barrier constant. Otherwise,
changes in I'¢q could simply reflect changes in the barrier
transmission with changing Vi .,q. To compensate this cross
coupling, Vmcy is adjusted whenever Vi, is changed, such
that the normal-state conductance for this barrier remains at
Gy = 0.35¢%/h using a separate transport measurement. For
instance, in Fig. 3(a), Vmcu = —2.53 V, and in Fig. 3(b),
VMmcut = —3.03 V. The average tunneling rate I'¢q at the cross-
ing points is I'eq = 5.1 £ 1.3 kHz for Vie,q = +4 V, and
[eq = 50 £ 30 Hz for Vicag = —2 V. In other words, the com-
pensated increase of Vic,q by 6 V between Figs. 3(a) and
3(b) increases the tunneling rate by two orders of magnitude
without changing the normal-state resistance.

Figure 3(c) shows I'eq as Vi caq is varied from —5to +5V,
with Vigpang fixed near +0.3 V and the middle cutter compen-
sated using Vivcy as described above. Resonances that depend
on Wycur, presumably due to disorder in the middle-cutter
junction, give rise to a nonmonotonic dependence of tunnel-
ing with Vyicy and corresponding nonmonotonic normal-state
conductance Gy as a function of Vyicy. Before the counting
experiment, we open Vicy and Vrey, and use a transport
measurement to verify that Gy ~ 0.35¢?/h for each set of
(ViLeads Vmcue) [35]. Figure 3(c) shows a change in I'eq by
two orders of magnitude when the difference between Vigjand
and Vie,q is about 1 V. For larger gate-voltage differences,
[Vistand — ViLead| > 1V, the tunneling rate saturates at a low and
high value with little gate dependence.

Previous experiments on similar NWs have demonstrated
that the induced superconducting gap in the NW can be
controlled by the plunger gate voltage [14]. Our interpreta-
tion of the origin of the changes in I'eq With Vieyq is that
at more positive values of Vi, the superconducting gap is
smaller on the lead than in the island, Ajcid < Alglang. In
addition, as Vi ¢,q becomes more positive there is a softening
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FIG. 3. [(a), (b)] Tunneling rates I'._,, (green) and I',,_, . (red) for
(@) Veeas = —2 V. Vmcu = —2.53 V keeps the normal-state conduc-
tance of the middle cutter at ~0.35¢%/h. (b) Vieaa = +4 V. Viicu =
—3.03 V keeps the normal-state conductance of the middle cutter at
~0.35¢%/h as in (a). (c) Average equilibrium (on resonance) tunnel-
ing rate I'eq as a function of Vicyq for Vigang ~ 0.3 V. All data at zero
magnetic field.

of the induced superconducting gap. Both of these effects
are evident in superconductor-insulator-superconductor (SIS)
transport measurements performed on the tunnel junction be-
tween the island and the lead. The distance between the two
coherence peaks, marked by two black arrows in the insets
of Fig. 4, gives 2(Afgand + ALead), Where Aggang (Lead) is the
superconducting gap on the island (lead) side of the tunnel
barrier. We set all plungers Vi, Vigands Viead, and Vg to the
same value, denoted Vpr, and consider A ~ Aigand ~ ALecad-
Figure 4 shows the change in induced superconducting gap
A while varying Vpr. The induced superconducting gap de-
creases linearly from 270 to 210 peV as the plunger voltage is
increased. This is because an increase in gate voltage increases
the electron density in the semiconductor, which weakens the
proximity effect induced from the ultrathin Al layer. Based
on the data in Fig. 4, the drastic change in I'eq in Fig. 3(c)
over a voltage range |Vigjand — Viead| = 1 V corresponds to a
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Single-charge tunneling rates were also investigated as a
function of the temperature and magnetic field. Keeping the
same gate configuration as in Fig. 2, we repeat the count-
ing measurement. Inside a Coulomb valley, the charge state
is always stable, similar to Fig. 2(a). Next, we focus on
the tunneling rate at degeneracy as introduced above. I'eq
increases with temperature [Fig. 5(a)] and magnetic field
applied perpendicular to the substrate [Fig. 5(b)] and along
the NW [Fig. 5(c)]. The increased rate as a function of
these parameters is consistent with the softening and re-
duction of the induced superconducting gap leading to an
enhancement of QP generation rates and I'eq. We fit data in
Fig. 5 using I'/Ty = 1 4+ y/2wk,T /A exp(—A/kgT) with
g =Teq (25 mK) and y = 0.0154, following Eq. (85) in
Ref. [36], yielding Ag; = 180wV at B = 0 T. At base temper-
ature, taking 7 = 100 mK, and a field-reduced gap A(B) =
AoV 1 — (B%)2 with Ay = Ay yields a critical perpendicu-
lar field 46 mT and a critical parallel field of 350 mT. The
values for two critical fields are consistent with our expecta-
tion regarding their directions. At the highest measured axial
magnetic field value in Fig. 2(b), B); = 300mT, the island
changes its ground state configuration approximately every
300 us (I'eq ~ 3kHz), similar to metallic devices [17,20,27].

In summary, we fabricated and investigated a gate-defined
Coulomb island in an InAs/Al nanowire such that quasiparti-
cles can only tunnel from one side of the island. Employing
reflectometry, we count tunneling events on an island through
that tunnel barrier in real time. Deep in the Coulomb val-
ley the island shows no signal of quasiparticle tunneling on
timescales ranging from submicrosecond timescales to hours

FIG. 5. Average tunneling rate I';q as a function of (a) temper-
ature at zero magnetic field, (b) magnetic field perpendicular to the
substrate at base temperature, and (c) axial field along the nanowire
at base temperature for the same gate configuration as in Fig. 2 and
Vsp = 0 mV. Increasing the temperature leads to a reduction and
softening of the induced gap, increasing the quasiparticle popula-
tion. Similar interpretations can be made for the field dependences.
Dashed lines are fits to T'/Ty = 1 + y/2mk,T /A exp(—A/kgT),
yielding Az = 180 pV, a critical perpendicular field of 46 mT, and
a critical parallel field of 350 mT.

[15,36,37]. At charge degeneracy points, the tunneling rate
varies by orders of magnitude with electrostatic gating of the
lead [Fig. 3(c) and Supplemental Fig. S1 [35]]. We inter-
pret the dependence as arising from the gate dependence of
the relative sizes of the induced gaps in the island and lead
[19,26,38] as well as the softness of the induced gaps. Tun-
neling rates also show a strong dependence on temperature
and magnetic field (effects not yet modeled). We note rapid
off-on-off and on-off-on transitions beyond the bandwidth
of the experiment make the observed rates a lower bound
on the total transition rate. Such transitions can cause qubit
dephasing, depending on the energy difference between qubit
states. For instance, for Majorana qubits, where parity states
are degenerate, random on-off-on transitions should not have
deleterious effects on qubit coherence.
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