
PHYSICAL REVIEW B 110, 045405 (2024)

SQUID oscillations in PbTe nanowire networks
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Network structures by semiconductor nanowires hold great promise for advanced quantum devices, especially
for applications in topological quantum computing. In this paper, we created networks of PbTe nanowires
arranged in loop configurations. Using shadow-wall epitaxy, we defined superconducting quantum interference
devices (SQUIDs) using the superconductor Pb. These SQUIDs exhibit oscillations in supercurrent upon the
scanning of a magnetic field. Most of the oscillations can be fitted assuming a sinusoidal current-phase relation
for each Josephson junction. Under certain conditions, the oscillations are found to be skewed, suggesting a
possible deviation from a sinusoidal behavior. Our results highlight the potential of PbTe nanowires for building
complex quantum devices in the form of networks.
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I. INTRODUCTION

Semiconductor nanowires are one-dimensional (1D) elec-
tron systems and anticipated to harbor fascinating phases of
matter, such as topological superconductivity when coupled
to a superconductor [1,2]. While the 1D device configuration
greatly facilitates in electron tunability and confinement, it
also renders challenges for more intricate device applications.
Take Majorana zero modes, for instance. While a single 1D
wire can serve as a testbed to study relevant experimental
signatures [3–8], more complex device structures involving
nanowire networks are essential for braiding experiments
or topological qubits [9–14]. The technique of selective-
area growth (SAG) offers a solution to this scalability issue,
enabling the realization of complex network structures on
demand through lithography.

Previous studies on SAG nanowire networks primarily
focused on the Aharonov-Bohm effect, where conductance
oscillations were observed in a magnetic field due to elec-
tron interference [15–18]. Here, we present the interference
of Cooper pairs (supercurrents) in nanowire networks cou-
pled to a superconductor. We choose PbTe as the material, a
promising candidate for Majorana nanowires that has recently
emerged [19–32]. Using shadow-wall epitaxy of Pb supercon-
ducting film, we defined two Josephson junctions (JJs) within
the network loop. The resulting dc superconducting quantum
interference device (SQUID) exhibits a gate-tunable super-
current. The supercurrent oscillates in a magnetic field based

*These authors contributed equally to this work.
†Contact author: kehe@tsinghua.edu.cn
‡Contact author: hzquantum@mail.tsinghua.edu.cn

on which the underlying current-phase relation is discussed.
Our results pave the way toward scalable nanowire network
devices, with relevance to studies on Majorana zero modes
[12–14,33] and superconductor-semiconductor hybrid qubits
[34–40].

II. DEVICE GROWTH AND FABRICATION

Figure 1 illustrates the key steps of device growth and
fabrication. Initially, a CdTe(001) substrate was covered with
a thin film of Pb0.92Eu0.08Te and a CdTe capping layer, grown
in a molecular beam epitaxy chamber. Next, a SiN dielec-
tric was deposited on the substrate, and network trenches
were defined using reactive ion etching [Fig. 1(a)]. Hydro-
gen silsesquioxane (HSQ) shadow walls were constructed
before these processing steps. Subsequently, PbTe nanowires
were selectively grown within the network trench [Fig. 1(c)],
followed by the low-temperature deposition of Pb using
shadow-wall epitaxy [Fig. 1(c)]. Shadow-wall epitaxy of su-
perconductors in nanowire devices has been widely used (see
Refs. [20,41–44]). The chip was then capped by a thin layer
of CdTe [Fig. 1(d)].

Each shadow wall defines a JJ in each “arm” of the loop.
The two JJs thus form a dc SQUID via the PbTe network.
Figure 1(f) is a tilted scanning electron micrograph (SEM)
of a representative SQUID. Further details on this growth
procedure can be found in Ref. [30].

After growth, contacts and side gates were fabricated as
shown in Figs. 1(e) and 1(g). To prevent short-circuiting, the
regions of Pb film beneath the gates were etched away prior to
the gate deposition. Argon plasma etching was conducted in
situ before contact deposition to remove the CdTe capping, en-
suring ohmic contacts. Devices based on individual PbTe-Pb
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FIG. 1. Growth and fabrication of PbTe SQUID networks. (a) A CdTe/Pb1−xEuxTe substrate is covered by a SiN dielectric mask (dark
gray) with two hydrogen silsesquioxane shadow walls. A SQUID network pattern is etched on the mask. (b) SAG of PbTe nanowires in the
etched trenches. (c) In situ deposition of Pb film. The shadowed region defines Josephson junctions. (d) Growth of CdTe capping. (e) Schematic
of a final device with contacts and side gates. (f), (g) Tilted SEMs of a typical device corresponding to (d) and (e), respectively. The scale bar
is 1 µm.

nanowires grown using the same protocol have exhibited an
atomically sharp PbTe-Pb interface, a hard superconducting
gap, and gate-tunable supercurrents [24,26]. These findings
indicate the high quality of the hybrid nanowires, sufficient
for the realization of more intricate network devices.

III. SQUID OSCILLATIONS IN DEVICE A

Four dc SQUIDs (devices A–D) with varying loop areas
were measured, all exhibiting similar behavior. Figure 2(a)
presents the SEM of device A (without tilting). The longitu-
dinal direction of the wire (the JJ region) is [110]. Transport
characteristics of the wires with the same crystal orientation
can be found in Refs. [25,27]. The gate voltages applied to

(a)

(b)

(c)

(d)

FIG. 2. (a) False-colored SEM of device A. The scale bar is 1 µm.
(b) I-V curve as a function of B, showing SQUID oscillations. The
sweeping direction of I was from the negative bias to the positive
bias. VG1 = VG2 = 0 V. (c) I-V line cuts from (b), at the B values
corresponding to the maximum (black) and minimum (red) switching
currents. (d) Extracted switching current (the black dots) and a fit
(the red curve), assuming a sinusoidal current-phase relation of the
two JJs.

the bottom and top gates are denoted as VG1 and VG2, respec-
tively. The measurements were conducted using a standard
two-terminal setup in a dilution refrigerator with a base tem-
perature below 50 mK. Any series resistance, arising from the
fridge filters and device contacts, has been subtracted during
data processing similar to that in Ref. [24].

Figure 2(b) shows the voltage drop (V ) across the SQUID
as a function of current (I) and magnetic field (B) for device
A. B was perpendicular to the device substrate throughout
the measurement (unless specified). VG1 and VG2 were kept
grounded. The white region represents the zero-resistance
supercurrent regime. Periodic oscillations of the supercurrent
are observed with a period �B ∼ 13.7 Gs. Using the for-
mula �0 = h/2e = �B × A, we can convert this period to
an effective area (A) ∼ 1.50 µm2, where �0 denotes the flux
quantum, h is the Planck constant, and −e is the electron
charge. The spacing between the top and bottom JJs is ∼1.5
µm. The effective area corresponds to an effective width of
∼1 µm, as indicated by the white dashed box in Fig. 1(a).
The box size is larger than the shadowed region but smaller
than the network loop, possibly due to the penetration effect
of B and flux focusing. Figure 2(c) presents two line cuts with
minimal and maximum switching currents, i.e., 0.3 and 1.1
µA, respectively. Assuming the critical currents of the two JJs
are Ia and Ib, we then extract Ia = 0.7 µA, Ib = 0.4 µA, based
on Ia + Ib = 1.1 µA and Ia − Ib = 0.3 µA. It is assumed that
the switching current is close to the critical current, as the
fridge temperature is much less than the Josephson energy.

In Fig. 2(d), we plot the switching current Is extracted
from Fig. 2(b). The red curve represents a fit with no fitting
parameters (except for a phase offset), assuming a sinusoidal
current-phase relation ia = Ia sin φa, ib = Ib sin φb. ia and ib
are the currents passing through the two JJs, and φa and φb are
the phase drops over the two JJs. The phases and the magnetic
flux through the effective area � = BA are related by φa −
φb = 2π�/�0. We have assumed that the contribution from
the loop inductance, LIcirc is negligible, as the B positions
of the maximum switching current for positive and negative
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FIG. 3. (a) Gate dependence of I-V for device A. B = 0 T. The
red and black dots are switching currents of the two junctions, ex-
tracted based on the SQUID oscillation amplitudes. (b)–(d) SQUID
measurements of device A at VG1 = −1.2, −3.0, and −4.1 V, re-
spectively. VG2 = 0 V. Dashed lines in (b) and (c) are fittings using
the aforementioned method. No oscillations are observed in (d). (e)
VG1 = 1.2 V. The oscillation patterns are skewed, deviating from the
fit. (f) Extracted Is (the black dots) from (e) and the fit (the red line),
assuming a sinusoidal current-phase relation.

I biases are nearly identical. Here, L denotes the SQUID
inductance and Icirc represents the circulating current in the
loop. The switching current can then be calculated as Is(B) =√

I2
a + I2

b + 2IaIb cos(2π�/�0). We plot this formula, based
on the extracted Ia and Ib, as the red curve in Fig. 2(d), which
agrees reasonably well with the experimental data.

IV. GATE DEPENDENCE OF SQUID
OSCILLATIONS IN DEVICE A

Next, we investigate the gate dependence of device A.
Figure 3(a) shows the supercurrent as a function of VG1 at
B = 0 T, revealing a monotonically decreasing trend in Is.
To determine the critical current of each JJ, we performed
the SQUID measurements at four VG1 settings, as illustrated
in Fig. 2(b) and Figs. 3(b)– 3(d). From the maximum and
minimum switching currents of the SQUID oscillations, we
infer Ia and Ib, and mark them in Fig. 3(a) as red and black

dots, respectively. Despite the significant distance between the
G1 gate and the top JJ (nearly 2 µm), VG1 can still simultane-
ously modulate the critical currents of both JJs with similar
amplitudes. This strong capacitive coupling arises from the
global distribution of the PbEuTe substrate, as detailed in
Fig. S5 of Ref. [30].

The dashed lines in Figs. 3(b) and 3(c) depict fits us-
ing the aforementioned method. The fit roughly matches the
oscillations with minor deviations, indicating a sinusoidal
current-phase relation for both JJs over a considerable gate
range. As Ib decreases, the amplitudes of SQUID oscilla-
tions diminish while the periods (�B) remain unchanged. In
Fig. 3(d), no oscillations are observed, suggesting that the
supercurrent in one JJ has been turned off.

Following this, a skewed oscillation pattern is observed at
VG1 = 1.2 V, as illustrated in Fig. 3(e). Figure 3(f) presents
the extracted switching currents (depicted as black dots)
alongside the fit (represented by the red curve), assuming a
sinusoidal current-phase relation of the JJs. For the sake of
clarity only two periods are plotted. Notably, the position of
maximum Is (indicated by the black arrow) does not align
with the center of the two B’s corresponding to the minimum
Is (denoted by the red arrow), indicative of the observed the
skewness. Such a deviation, also (barely) visible in Fig. 2(b),
may imply deviations from a sinusoidal current-phase rela-
tion. A nonsinusoidal case is commonly expected for S-N-S
JJs exhibiting high junction transparency [45,46] (S represents
superconductor and N denotes normal conductor). While a
sinusoidal current-phase relation is typically a valid approx-
imation in scenarios when the junction transmission is small,
it may not hold for high transparent junctions. It is essen-
tial to note that the current-phase relation cannot be directly
discerned from Is(B) in Fig. 3(f), especially considering that
the two JJs are not in the high asymmetry regime. Even in
instances of high asymmetry, i.e., Ia � Ib, the conventional
approach of using Is(B) as an approximation of ib(φb) [47–49]
has its inherent limitations [50,51]. For an overview of SQUID
oscillations in device A at various VG settings, we refer to
Fig. S1 in the Supplemental Material [52].

V. SQUID OSCILLATIONS IN ADDITIONAL DEVICES

Figure 4 presents two additional devices with varying net-
work sizes (loop areas), showcasing analogous behavior. In
Fig. 4(a), the SEM of device B reveals triangle debris outside
the loop, attributed to PbTe parasitic growth, as the selectivity
of this particular growth is slightly inferior. The shadow wall
adopted a T shape, resulting in a larger shadowed region
inside the loop compared to device A. The loop size is also
larger. Consequently, the period of the SQUID oscillations
in Fig. 4(b), denoted as �B ∼ 9.7 Gs, is smaller than that
observed in device A. This period can be converted to an
effective area of 2.12 µm2, as indicated by the white dashed
box in Fig. 4(a). The extracted switching current [depicted
as black dots in Fig. 4(c)] exhibits deviations from the fit
(illustrated by the red curve), similar to the behavior observed
in Fig. 3(f). The skewed portion has a shoulder/kink structure
near Is of 0.35 µA. Similar kinks in the current-phase relation
have been observed in JJs with high transmission [49] or with
Andreev bound states in the presence of charging energy [53].
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FIG. 4. (a) False-colored SEM of device B. The scale bar is 1 µm. (b) SQUID measurement of device B at VG1 = 0 V, VG2 = −0.94 V.
(c) Extracted Is (the black dots) and a fit (the red line) assuming a sinusoidal current-phase relation. (d) False-colored SEM of device C. The
scale bar is 1 µm. (e) SQUID measurement of device C at VG1 = 3.8 V, VG2 = 0 V. The oscillation period on the left side is slightly larger than
others, possibly due to the instability of the device. (f) Extracted Is (the black dots) and a fit (the red line).

Figure 4(d) shows the SEM of a third device. The shadow
wall inside the loop detached from the substrate chip during
the device fabrication process. The effective area, determined
based on the period of the SQUID oscillations in Fig. 4(e), is
A ∼ 3.5 µm2, as indicated by the white dashed box. Unlike
devices A and B, the box size matches the network loop of
device C. The underlying mechanisms governing flux focus-
ing and B penetration for each specific device remain unclear.
Nevertheless, the oscillations in device C are roughly con-
sistent with a sinusoidal current-phase relation, as shown in
Fig. 4(f). For additional SQUID oscillations of devices B and
C at various gate settings, we refer to Figs. S2 and S3 in the
Supplemental Material [52].

The crystal orientation of device C is the same with device
A and differs from device B. For device B, the longitudinal
direction of the wires with JJs is [010]. The transport char-
acteristics on wires with the same crystal orientation can be
found in Ref. [32]. Figure S4 depicts a fourth device, with the
same orientation with device B. Similar gate-tunable SQUID
oscillations can be observed.

VI. CONCLUSION AND OUTLOOK

In summary, we have realized dc SQUIDs using selective-
area-grown PbTe-Pb nanowire networks. These networks
exhibit tunable supercurrents and SQUID oscillations in re-
sponse to a magnetic field. The underlying current-phase
relations have been explored. The PbTe-Pb hybrid nanowires
hold promise for advancing topological quantum computation
in the quest for Majorana zero modes. While transport stud-
ies on individual nanowires offer valuable insights, they are
insufficient for definitive proving the existence of Majoranas.
Braiding experiments, necessitating intricate network archi-
tectures, are imperative for conclusive validation. Our results
represent a stride toward scalable network devices, heralding
prospects for more intricate geometries such as topological
qubits. The next step experiments in the near future can focus
on devices with different network geometries. One direction is
to create a quantum dot in the JJ region. The interplay between
SQUID and dot physics can be explored [54–56]. Another
direction involves adding local gates to tune the proximitized
regions of the wire. By applying an in-plane magnetic field,
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one can explore the current-phase relation of Majoranas or
Andreev bound states in the Josephson junction.

Raw data and processing codes within this paper are avail-
able online [57].
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