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A central promise of topological quantum computing is that increasing the excitation gap improves
device performance significantly. Here, we experimentally validate this principle in an InAs–Pb
tetron device via interferometric single-shot parity measurements. By replacing aluminum with
the higher-gap superconductor lead in our superconductor-semiconductor hybrid devices, we have
improved the robustness of our topological phase. In addition, to enable fast and precise bring-up
at scale, we have developed an rf measurement technique that resolves low-energy wire-end states
and directly measures their energy splitting with µeV precision. We employ this technique to bring
up a device in a multi-tetron array and perform parity measurements of one of the tetron’s hybrid
nanowires (NWs). By controllably switching the wire parity, we observe h/2e-periodic bimodal shifts
in the quantum capacitance of a quantum dot coupled to the hybrid nanowire in an interference
loop. Further time-resolved measurements reveal a characteristic parity switching time of ∼ 20 s with
some instances reaching minute-scale. Such extremely long parity lifetimes are orders of magnitude
longer than typical qubit operation times, which are on the order of µs. Finally, we discuss potential
implications for the fidelity of Pauli measurements.

1. INTRODUCTION

Recently, we presented a roadmap [1] to fault-tolerant
quantum computation using topological qubits [2–4] built
around Majorana zero modes (MZMs) in superconductor-
semiconductor hybrid devices [5–9]. Our roadmap draws
on concepts explored in Refs. 10–39. It entails building
successively larger arrays of qubits which are progres-
sively deeper inside the topological phase, characterized
by larger energy gap and shorter coherence length. In
superconductor-semiconductor hybrid platforms, these
key parameters are governed primarily by the parent su-
perconducting gap, the semiconductor spin-orbit coupling,
and material disorder [40–52]. In this work, we demon-
strate that engineering these ingredients—by replacing
Al with the higher-gap superconductor Pb and enhancing
spin-orbit coupling via band-structure design in a semicon-
ductor heterostructure grown on a GaSb substrate—leads
to substantial improvements in device performance. By
demonstrating these performance improvements, we have
gone beyond previous work which has incorporated larger
gap superconductors into nanowire devices [53–56].

The building block of our architecture is a tetron
[57, 58], which is composed of two parallel proximitized
semiconductor NWs connected by a conventional super-
conducting backbone, forming an H-shaped superconduct-
ing island. Each nanowire hosts a pair of Majorana zero
modes (MZMs) at its ends when tuned into the topological
phase, yielding four MZMs per tetron, see also [59]. The
computational subspace has fixed total electron parity,
and projective Pauli measurements of the computational
qubit are implemented by measuring the parity of differ-
ent pairs of MZMs in the tetron. The dominant error
mechanisms arise from (i) quasiparticle poisoning, where
an MZM exchanges a fermion with the continuum above
the topological gap ∆T, and (ii) Majorana hybridization,
in which tunneling processes between MZMs generate a
finite energy splitting EM.

To reliably access the topological regime, we developed

the topological gap protocol (TGP) [60], which identi-
fies the topological phase with high fidelity and reports
the topological gap ∆T. The TGP was used to tune
our devices into the qubit configuration. In earlier Al-
based devices, we observed typical top quintile gaps of
∆T ∼ 30 µeV [59–61]. In contrast, in the InAs–Pb devices
studied here we observe a top quintile gap of ∆T ∼ 70 µeV.
In parallel, we introduce a direct probe of Majorana hy-
bridization, in which a quantum dot (QD) measures one
wire end while a QD at the opposite end is used to con-
trollably change fermion parity in the nanowire. This
technique reveals extended parameter regimes consistent
with EM < 1 µeV, i.e. smaller than our experimental
resolution.

Topological protection gives error rates that are expo-
nentially suppressed as the topological gap increases [34].
This expectation, however, relies critically on the assump-
tion that the system remains near equilibrium. In the
presence of non-equilibrium processes, this protection can
be significantly degraded. A large topological gap ∆T sup-
presses thermally-activated excitations, but it does not
protect against far-from-equilibrium quasiparticles [62–
76]. Such quasiparticles can be generated, for example,
when residual radiation penetrates shielding and breaks
Cooper pairs, and persist if recombination processes are
slow. As a result, the quasiparticle poisoning rate and as-
sociated density of non-equilibrium quasiparticles emerges
as a key metric, distinct from both ∆T and the Majorana
splitting EM. In this work, we show that the quasiparticle
poisoning rate is also strongly suppressed in InAs–Pb
devices, complementing the increase of ∆T and further
improving device robustness.

Qubit operations in our architecture are realized via
quantum-capacitance readout of QDs tunnel-coupled to
MZMs. For example, a Pauli-Z measurement is imple-
mented by probing a QD coupled to both ends of a
single topological wire. In such measurements of Al-
based tetrons, we previously measured parity lifetimes
of ∼ 1–12ms [59, 61]. In contrast, Pb-based devices ex-
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hibit Z-parity lifetimes exceeding 20 s, representing an
improvement of more than three orders of magnitude. In
a tetron, the qubit is encoded in the parity, so parity
lifetimes directly translate into qubit lifetimes and parity
flips are key qubit error processes. Consequently, the ob-
served dramatic enhancement in parity stability indicates
that non-equilibrium quasiparticles no longer limit qubit
operations in our devices, providing strong evidence that
increasing superconducting gap directly translates into
improved robustness of Majorana-based qubits.

2. DEVICE DESIGN AND PB-BASED
MATERIAL PLATFORM

The device shown in Fig. 1 is a prototype unit cell
for multi-tetron devices. The qubits are interconnected
through shared QDs and tunable junctions. Figure 1(a) is
a schematic of the device; a scanning electron micrograph
(SEM) image is shown in Fig. 1(b). This architecture
extends earlier single-tetron designs by embedding qubits
within a network geometry that enables scalable integra-
tion, while supporting both single- and multi-qubit parity
measurements via local interactions.

Each tetron consists of two horizontal superconducting
NWs of length 3.5 µm and width 35 nm, connected by
a narrower vertical backbone of length 1µm and width
20 nm. This geometry is chosen to simultaneously satisfy
several constraints: (a) The wire length exceeds the ex-
pected coherence length, suppressing Majorana hybridiza-
tion and minimizing the splitting energy EM. (b) The
narrower backbone enables full depletion when the hori-
zontal wires are tuned to the lowest electronic subband,
ensuring that it remains in a trivial state even when
the NWs are tuned into the topological phase. At the
same time, it is wide enough to maintain superconducting
connectivity.

The device is realized using an epitaxial superconductor-
semiconductor heterostructure optimized to enhance the
robustness of the topological phase. A schematic cross-
section of our superconductor-semiconductor heterostruc-
ture is shown in Fig. 2(a). The H-shaped superconducting
structure is formed by depositing 10 nm of Pb on the sur-
face of the semiconductor heterostructure grown on a
GaSb substrate. For this thickness, the parent super-
conducting gap is ∆Pb ≈ 1.3meV, resulting in a large
proximity-induced gap in the semiconductor. As shown in
Fig. 2(b), a proximity-induced gap of 400µeV is measured
in a two-dimensional superconductor-quantum point con-
tact geometry. In the nanowire geometry, the induced gap
is increased due to transverse confinement. We measure
an induced gap ∆ind ≈ 570 µeV in the lowest subband
regime at zero magnetic field, consistent with simulations.
For comparison, prior work has shown that Pb-based
Coulomb islands exhibit a robust 2e-periodic charging
pattern at zero magnetic field [53], consistent with the
absence of subgap states (i.e., consistent with a “hard”
induced gap).
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FIG. 1. Scalable unit cell for multi-qubit tetron array.
(a) Schematic of the tetron-based unit cell used for multi-qubit
devices. Each tetron consists of two parallel proximitized
NWs connected by a superconducting backbone, forming an
H-shaped island that hosts four Majorana zero modes (MZMs)
at the wire ends when tuned into the topological regime. Color-
coded gates illustrate the three-layer architecture: electrostatic
tuning gates set the nanowire density, junction and cutter gates
control tunnel couplings to define and reconfigure interfero-
metric loops, and gate-defined quantum dots (QDs) provide
dispersive parity readout. Neighboring tetrons are coupled
via shared QDs, enabling both single- and two-qubit parity
measurements. (b) Scanning electron micrograph (SEM) of a
fabricated prototype unit cell for a multi-tetron array, demon-
strating a geometry and gate layout compatible with scaling
to larger qubit arrays.

The transition to a GaSb substrate provides two prin-
cipal advantages: (i) lattice-matched epitaxial growth
through the entire semiconductor stack which drastically
reduces the extended defect count and improves surface
morphology and (ii) the larger range of accessible band
offsets enables larger spin-orbit coupling than is achiev-
able on InP substrates. The composite semiconductor
quantum well consists of a 6 nm InAs layer with an addi-
tional 2 nm InAs0:8Sb0:2 layer, which enhances the Rashba
spin-orbit coupling α ∼ 12–16meVnm in Pb-proximitized
NWs [see Fig. 2(c)] [77]. The top barrier thickness and
composition are optimized to maintain a large induced
gap while avoiding excessive renormalization of the semi-
conductor g-factor and spin-orbit coupling.
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FIG. 2. Enhanced material stack. (a) Schematic of a
hybrid material stack combining Pb with a composite quantum
well. (b) Conductance as a function of bias voltage and split-
gate voltage Vc in a superconducting quantum point contact
to a 2D Pb-covered half-plane in the tunneling regime. A
large induced gap is clearly visible. (c) Shubnikov{de Haas
oscillations, showing long quantum lifetime and large spin-
orbit coupling in a shallow quantum well under Pb, as obtained
via the analysis procedure of Ref. 78. We extract a density of
0:49� 0:02� 1012 cm� 2 , a spin-orbit coupling of 12 � 2meV nm,
and a quantum lifetime of 0 :37 � 0:14ps. (d) Mobility as a
function of density in a buried quantum well that is the analog
of the upper part of our semiconductor stack (with the same
composite quantum well, top and bottom barrier) used in
tetron devices.

Disorder is minimized through careful materials en-
gineering of both the epitaxial hybrid superconductor-
semiconductor layers and dielectrics. Measurements of
shallow quantum well Hall bar devices indicate a surface
charge density n2D � 2 � 1012 cm� 2. Buried quantum
well Hall bars with the same active region exhibit mobil-
ities > 350 000cm2=Vs [see Fig. 2(d)]. We also observe
Shubnikov{de Haas oscillations of electrons residing in the
quantum well coupled to the epitaxial metal in van der
Pauw devices [78]. These results attest to the high mate-
rial quality of our hybrid stack, with minimal impurity
or defect scattering.

The combination of a large induced gap, strong spin-
orbit coupling, and low disorder establishes a robust su-
perconducting platform for topological qubits. Direct evi-
dence for the improved materials quality and its impact
on the topological phase is shown in Fig. 3. Figure 3(a)
presents a cross-sectional transmission electron micro-
graph (TEM) of a 35 nm-wide Pb wire on the surface of
the semiconductor barrier and quantum well grown on a
GaSb substrate. The interfaces at the top and bottom
of the InAs-based quantum well (indicated by dashed
lines) are sharp, and the superconductor-semiconductor

FIG. 3. (a) Cross-sectional TEM of a narrow Pb strip
on the surface of semiconductor barrier and quantum well,
dashed lines indicate interfaces at the top and bottom of the
quantum well. (b) Measured localization length as a function
of gate voltage extracted from 14 wires with di�erent lengths
of 1:25µm and 3µm. The estimated 1D subband onsets are
extracted from quantized local conductance steps. (c) Phase
diagram obtained from a TGP analysis of transport data from
a 3µm-long nanowire test structure. (d) B -�eld line cut along
Vp = 3 :2165 V showing local and anti-symmetrized non-local
conductance along the dashed line in panel (c). Zero-bias
peaks at the opposite ends of the NW persist over the B -�eld
range of over 0:5 T, consistent with gap closing and re-opening.
The dashed (black) line corresponds to extracted gap.

interface is likewise abrupt, con�rming excellent epitaxial
and interfacial quality.

To quantify disorder in Pb-proximitized NWs, we mea-
sured the scaling of nonlocal conductance with segment
length using the methodology developed in Ref.60. This
analysis yields localization lengths exceeding 1µm in the
lowest occupied subband, as shown in Fig. 3(b). Such lo-


