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Josephson diode effect derived from 
short-range coherent coupling
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Tyler Lindemann4,5, Sergei Gronin4, Geoffrey C. Gardner    4, 
Michael J. Manfra    4,5,6,7 & Seigo Tarucha    1,8 

Typical superconducting materials have both time-reversal symmetry and 
inversion symmetry. Devices that break these symmetries are expected to 
have exotic phenomena such as the superconducting diode effect, which 
can provide lossless rectification. Here, we present a device comprising one 
Josephson junction coupled to another that exhibits the superconducting 
diode effect. We show that the observed effect can be controlled non-locally 
based on the phase difference of the adjacent junction. These results 
indicate that the time-reversal and spatial-inversion symmetries of a 
Josephson junction are broken by the coherent coupling to an adjacent 
junction, and this enables the engineering of superconducting phenomena 
mediated by interaction among Josephson junctions.

Symmetry breaking in superconducting (SC) devices has led to the 
emergence of exotic phenomena; for example, Majorana zero modes 
in SC devices with broken time-reversal and spatial-inversion sym-
metries have recently been proposed, and possible experimental sig-
natures have been reported1. This implies that analysis and control of 
the symmetry-breaking mechanism in SC devices are crucial not only 
for understanding such exotic SC phenomena but also for providing 
flexibility in their engineering design.

The superconducting diode effect (SDE), which is the direction- 
dependent switching current, namely, the nonreciprocal SC transport, 
is a characteristic phenomenon occasionally found in SC devices with 
both time-reversal and spatial-inversion symmetries broken. Nonre-
ciprocal transport can be employed for the rectification of electrical 
currents represented by p–n junctions. Therefore, dissipationless 
rectification can be achieved based on the SDE. Several mechanisms 
for the SDE have been reported in Josephson junction ( JJ) devices2–11, 
for example, in asymmetric SC quantum interference devices (SQUIDs), 
where the time-reversal and spatial-inversion symmetries are broken by 
the induced phase difference and two asymmetric JJs, respectively12,13,14. 
The SDE has also been observed in non-centrosymmetric bulk SC mate-
rials under external magnetic fields and even zero magnetic field15–20.

In this study, we focus on two JJs with short-range coherent cou-
pling21–24. This short-range coherent coupling is defined as hybridiza-
tion of the Andreev bound states in the respective JJs through the 
shared SC electrode, as described schematically in Fig. 1a. In this device, 
the time-reversal symmetry can be broken by the induced phase differ-
ences, and the spatial-inversion symmetry can be broken by asymmetri-
cally tuning the phase differences of two JJs. The symmetry breaking in 
the short-range coupled JJs provides important insights for bottom-up 
engineering of exotic SC phenomena in JJ arrays25. Experimental obser-
vation of the SDE can elucidate the physics of symmetry breaking  
in coupled JJs and thus contributes to engineering of exotic SC pheno-
mena. Furthermore, unlike the SDE studied thus far, the SDE in the  
two coupled JJs can be controlled non-locally by tuning the non-local 
phase difference. This provides new designability and functionality 
for the SC circuit applications.

There are reports of nonreciprocal SC transport or SDE measured 
with two or more current sources26–31 or a single current source with 
applied magnetic field32 in multiterminal JJs, which have more than 
three SC electrodes in contact with the same single normal metal. 
Compared to the multiterminal JJ structures in the literature, our 
coupled JJ structure utilizes overlapping of the Andreev bound state 
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Device characteristics
Physical description
In our experiments, a high-quality InAs quantum well covered by an 
epitaxial aluminium (Al) thin film was used to form superconductor–
semiconductor junctions33. This system provides a suitable platform 
for studying the SC proximity effect in the semiconductor owing to  
the highly transparent interface between the Al film and the InAs  
quantum well34,35.

This quantum well wafer was processed to fabricate a device with 
two coupled JJs ( JJ1 and JJ2). JJ1 and JJ2 are embedded in different SC 
loops with the LJJ1 and LJJ2, which are sufficiently larger than JJ1 and 
JJ2, respectively. A diagram of the device is shown in Fig. 1b. All JJs are 
gate-tunable using voltages to pinch off the junctions. JJ1 and JJ2 have 
the same structure ( junction length and width are 100 nm and 600 nm, 
respectively) and the distance between them is 150 nm. This distance is 
much shorter than the coherence length of Al (approximately 1 μm). LJJ1 
and LJJ2 are 2 μm wide and 100 nm long (see Supplementary Note 1 and 
Supplementary Fig. 1 for additional details). When obtaining the results 
discussed in the main text, LJJ1 was always pinched off. Therefore, the 
device can be regarded as JJ1 with no loop and JJ2 embedded in the  
SC loop with LJJ2. An out-of-plane magnetic field was used to con-
trol the phase difference of JJ2. Electron transport measurements  
were performed at a base temperature of 10 mK, achieved by using a 
dilution refrigerator. We measured JJ1 by sweeping a bias current I1 to 
detect a voltage difference V1, as shown in Fig. 1b. This setup differs  
from that for the conventional SQUIDs, in which two JJs are embedded 
in the SC loop. In conventional SQUID measurements, the voltage 
difference of the two JJs is detected, whereas in our case, JJ1 is outside 
of the SC loop, and almost all the bias current flows into the centre SC 
electrode shared by JJ1 and JJ2. This means that the voltage differences 

wavefunctions through the SC electrode shared by two JJs (Fig. 1a); 
in this structure, the coherent coupling effect on the SDE is clearly 
distinguishable and therefore provides evidence of coherent coupling 
generating the SDE. Coherent coupling might also exist in the multi-
terminal JJ devices32; however, in those devices, the coherent coupling 
contribution to the SDE cannot be distinguished because an electrical 
circuit of JJs equivalent to the multiterminal JJs can produce the SDE30,32, 
even with no coherent coupling. Furthermore, the coupled JJ structure 
allows the coherent coupling of various kinds of JJs. This capability 
will lead to the generation of novel SC phenomena in combinations 
of various JJs, which cannot be realized in a multiterminal JJ structure. 
Hence, our study of the fundamental physics of symmetry breaking 
in the coupled JJs, enabled by measuring the SDE, is of significance.

In this work, we report observation of the SDE in a JJ coupled to an 
adjacent JJ without Zeeman splitting or use of ferromagnetic materials. 
The SDE is realized only by control of the non-local phase difference and 
systematically appears when non-local phase difference is near π. A sin-
gle current source is used for the observation, which is different from 
previous reports of multiterminal JJs in which more than two current 
sources have been used (Supplementary Note 9 and Supplementary 
Fig. 14). The structure enables measurement of the SDE when the two 
different JJs realized by gating are coupled. Thanks to this property, 
analysis of the local and non-local gate-voltage dependencies shows 
the SDE is enhanced when the two JJs become nearly equivalent. We 
attribute the origin of the SDE to asymmetric current phase relations 
(CPRs) resulting from the short-range coherent coupling. Our results 
demonstrate that coherent coupling of JJs is available for the design 
of lossless rectifiers in SC circuits and imply that the coupled JJs are 
availble to realize exotic SC phenomena with the time-reversal and 
spatial-inversion symmetries broken.
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Fig. 1 | Device concept and coherent coupling of JJs. a, A conceptual image of 
the coherent coupling of two JJs ( JJ1 and JJ2). The wavefunctions of the Andreev 
bound states in the respective JJs penetrate the SC electrodes. When the centre 
electrode is sufficiently thin to allow the wavefunctions to tunnel into the 
adjacent JJ, the bound states in the JJs hybridize, resulting in coherent coupling. 
b, A schematic image of our device and measurement setup. Two JJs ( JJ1 and 
JJ2) are fabricated from an InAs quantum well covered by an epitaxial Al film. 

Additionally, two larger JJs (LJJ1 and LJJ2) are fabricated. When acquiring the data, 
LJJ1 is always pinched off. Then only JJ2 is embedded in the SC loop with LJJ2, 
which enables control of the phase difference of JJ2 by an out-of-plane magnetic 
field. The voltage difference V1 on JJ1 is measured based on the bias current I1.  
c, V1 on JJ1 with JJ2, LJJ1 and LJJ2 pinched off as a function of I1 and Vg1 at B = 0 mT. 
The supercurrent disappears at Vg1 ≅ −1.8 V. d, V2 on JJ2 with JJ1, LJJ1 and LJJ2 
pinched off as a function of the bias current I2 and Vg2 at B = 0 mT.
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of JJ2 and LJJ2 are always zero (Supplementary Note 5 and Supple-
mentary Figs. 7–9).

Supercurrent analysis
Gate-voltage dependencies of the single JJs are examined to verify  
that the supercurrent flows in the JJs through the InAs quantum well. 
Figure 1c shows V1 as a function of I1 and gate voltage Vg1 for the single  
JJ1 with JJ2, LJJ1 and LJJ2 pinched off. The supercurrent region where 
V1 ≈ 0 mV disappears at approximately Vg1 = −1.8 V. Similarly, the 
gate-voltage dependence for the single JJ2 is depicted in Fig. 1d.  
A negative Vg2 can suppress the supercurrent through JJ2. These  
results indicate that the gate voltages on the respective JJs can  
control the supercurrent flow in the InAs quantum well.

We examined the switching current oscillation of JJ1 coupled to JJ2 
embedded in the SC loop. In the device, the supercurrent of JJ1 depends 
not only on the phase difference of JJ1 but also on the phase difference 
of JJ2 due to the coherent coupling between the Andreev bound states 
of two JJs21. Hence, the switching current is expected to oscillate as a 
function of the magnetic field B because the phase difference of JJ2 is 
controlled by the magnetic flux in the loop24. We have measured this 
oscillation in our device with Vg1 = 0 V, Vg2 = 0 V, LJJ1 off and LJJ2 on.  
LJJ2 has a switching current sufficiently larger than that of JJ2, and then 
B controls the JJ2 phase difference with the ignorable change of the 
LJJ2 phase difference (Supplementary Note 1). Figure 2a shows V1 as a 
function of I1 and B. The white region (V1 ≅ 0 mV) indicates supercurrent 
flow in JJ1. The boundary between the white and red regions defines Isw+, 
which is the switching current in the positive-current region. Similarly, 
Isw− (the switching current in the negative-current region) is defined  
as the boundary between the white and blue regions. Both Isw+ and 
Isw− oscillate as a function of B, as expected from the coherent cou-
pling between JJ1 and JJ2. The oscillation period is 0.156 mT, which is 

consistent with the calculated period of 0.176 mT for a loop area of 
11.7 μm2. We note that coherence is necessary to obtain these oscilla-
tions and then the oscillation disappears in the device with 1 μm separa-
tion of JJ1 and JJ2 (Supplementary Note 8 and Supplementary Fig. 13).

To verify the SDE, V1 versus |I1| at B = 0.078 mT and 0.090 mT is  
plotted by the purple and orange lines, respectively, in Fig. 2b. The  
circles and squares represent the data obtained as I1 is swept from 
zero to positive and negative limits, respectively. At B = 0.078 mT, 
|Isw+| = 106 nA (evaluated from the purple circles) is smaller than 
|Isw−| = 116 nA (evaluated from the purple squares). Conversely, at 
B = 0.090 mT, |Isw+| = 117 nA > |Isw−| = 105 nA. These results confirm that 
the SDE occurs in JJ1 and the sign of SDE, namely, the sign of Isw+ + Isw−, 
depends on B (Supplementary Note 2 and Supplementary Fig. 2).

To investigate the B-dependence of the SDE, the absolute values 
of Isw+ and Isw− are plotted as a function of B in Fig. 2c, where the  
red and blue circles represent Isw+ and Isw−, respectively. For clarity, the 
regions where |Isw+| > |Isw−| are coloured in red and those where |Isw+| < |Isw−| 
are indicated in blue. The SDE (|Isw+| ≠ |Isw−|) systematically appears  
in the vicinity of the minimal |Isw| points. This implies that the  
SDE sign can be easily switched by a change in B. Because of the time- 
reversal relation of the supercurrent in JJ1, Isc1 of the supercurrent  
in JJ1 should satisfy Isc1 (ϕ1,ϕ2) = −Isc1 (−ϕ1, −ϕ2), which results in 
Isc1 (ϕ1,0) = −Isc1 (−ϕ1,0) and Isc1 (ϕ1,π) = −Isc1 (−ϕ1,π). Here, ϕ1 and 
ϕ2 are the phase differences of JJ1 and JJ2, respectively. Therefore,  
we can set ϕ2(mod 2π) = 0 and π as crossing points of |Isw+(B)| and 
|Isw−(B)|, as indicated by the top axis in Fig. 2c. It is significant that the 
condi tion Isc1 (ϕ1,ϕ2) = −Isc1 (−ϕ1,ϕ2) is not necessarily satisfied when 
ϕ2(mod2π) ≠ 0,π , which allows the emergence of the SDE. Notably,  
a device with a mirrored structure produces an SDE with the oppo-
site sign (Supplementary Note 3 and Supplementary Fig. 3). The 
observed SDE features can be experimentally reproduced in a different 
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Fig. 2 | Observed SDE. a, V1 as a function of I1 and B with Vg1 = 0 V, Vg2 = 0 V, LJJ1 off 
and LJJ2 on. The oscillation derived from the coherent coupling of JJ1 and JJ2 is 
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respectively. b, V1 as a function of |I1| at B = 0.078 and 0.090 mT is indicated by 
the purple and orange curves, respectively. The circles and squares are obtained 
as I1 is swept from 0 to the positive and negative current limits, respectively. 
The results show that the absolute value of the switching current in the positive 

direction differs from that in the negative direction, indicating SDE. c, |Isw+| and 
|Isw−| with respect to B represented by the red and blue circles, respectively, 
indicating that the SDE occurs systematically. In addition, the sign of the SDE is 
controlled by B (the blue and red shadows highlight regions of |Isw+| < |Isw−| and 
|Isw+| > |Isw−|, respectively). The purple and orange arrows indicate B = 0.078 mT 
and 0.090 mT, respectively.
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device (Supplementary Note 7 and Supplementary Figs. 11 and 12)  
and also by numerical calculations based on the tight-binding  
model (Supplementary Note 6 and Supplementary Fig. 10).

Gate-voltage effects on SDE
We studied the gate-voltage dependencies of the SDE to support  
the assertion that the SDE originates from the coherent coupling, by 
excluding other mechanisms. Figure 3a presents |Isw+| and |Isw−| as  
a function of B at Vg2 = −1.4, −1.6 and −2.0 V with Vg1 = 0 V, LJJ1 off and 
LJJ2 on, corresponding to the non-local gate control of JJ1 through  
the coherent coupling. As Vg2 becomes more negative, the oscillation 
amplitude and the SDE decrease. Finally, when the supercurrent in JJ2 
disappears for Vg2 ≤ −1.8 V as indicated in Fig. 1d, the SDE vanishes; 
whenVg2 is even more negative, the oscillation disappears and  
the switching current of JJ1 with no coherent coupling remains. This 
demonstrates that the observed SDE is generated only when JJ2 is 
switched on and is therefore not attributable to any other mechanisms 
for SDE in single JJs9 or to a possible vortex insertion in the SC elec-
trodes3,36. The maximum |Isw| (in the ϕ2(mod2π) = 0 neighbourhood, 
B in the range 0.01–0.168 mT) in the coupled case (Vg2 = −1.4 V and 
−1.6 V) exceeds |Isw| in the single JJ1 case (Vg2 = −2.0 V). This is one of  
the expected features as a consequence of the coherent coupling 
between JJ1 and JJ2. The coherent coupling of JJ1 and JJ2 is formed when 
penetration lengths of wavefunctions of the Andreev bound states  
are longer than the centre electrode thickness, as conceptually shown 

in Fig. 1a. When JJ2 is switched off, the partial wavefunctions of JJ1  
penetrating JJ2 disappear and do not contribute to the supercurrent 
in JJ1. Therefore, the JJ1 switching current with JJ2 off is smaller than 
that when JJ2 is on at ϕ2 = 0.

Figure 3b shows |Isw| in JJ1 as a function of B at Vg1 = −1.2 to −1.6 V 
with Vg2 = 0 V, LJJ1 off and LJJ2 on, corresponding to the results with the 
local gate control of JJ1. As Vg1 becomes more negative, both |Isw+| and 
|Isw−| decrease. The results indicate that a more negative Vg1 decreases 

the SDE markedly. We define the SDE ratio as η ≡ ||Isw+|−|Isw−||
|Isw+||+|Isw−||

 and focus 

on B = 0.0768 mT, where the largest SDE for |Isw+| < |Isw−| is obtained at 
Vg2 = −1.4 V in Fig. 3a, highlighted by the black arrow. In this case, 
η = −0.064 at Vg1 = −1.2 V, whereas η = −0.016 at Vg1 = −1.6 V. Notably, a 
negative η is obtained for |Isw+| < |Isw−| at B = 0.0768 mT; therefore,  
the larger SDE at B = 0.0768 mT is represented by the more negative η. 
This result reveals that the observed SDE does not originate from the 
asymmetric SQUID formed by JJ2 and LJJ2; if this was the case12,14,  
η would not depend on the local gate voltage of JJ1, which is outside  
of the SQUID.

To clarify a relationship between the observed SDE and the  
correlation between JJ1 and JJ2, we fix B = 0.0768 mT and measure Isw+ 
and Isw− as a function of Vg1 and Vg2. Figure 3c shows |Isw+| and |Isw−| as 
functions of Vg2 at Vg1 = −1.25, −1.375 and −1.5 V, with LJJ1 off and LJJ2 
on. At Vg1 = −1.25 V and −1.375 V, the SDE decreases monotonically  
as Vg2 decreases. On the other hand, the SDE at Vg1 = −1.5 V becomes  
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and LJJ2 on. The SDE of JJ1 is non-locally controlled by tuning JJ2 with Vg2 and 
disappears, as does the oscillation for Vg2 ≤ −1.8 V because the supercurrent in JJ2 
disappears. The black arrow indicates B = 0.0768 mT. The blue and red shadows 
highlight regions of |Isw+| < |Isw−| and |Isw+| > |Isw−|, respectively. b, |Isw+| and |Isw−| as 
a function of B for Vg1 = −1.2 to −1.6 V with Vg2 = 0 V, LJJ1 off and LJJ2 on. When JJ1 
is locally controlled with Vg1, the SDE decreases as Vg1 decreases. c, |Isw+| and |Isw−| 

as a function of Vg2 at Vg1 = −1.25, −1.375 and −1.5 V with LJJ1 off and LJJ2 on when 
B = 0.0768 mT. At Vg1 = −1.25 and −1.375 V, the SDE monotonically decreases as 
Vg2 decreases. On the other hand, at Vg1 = −1.5 V, the SDE becomes maximum at 
Vg2 = −1.525 V. d, The evaluated η as a function of Vg1 and Vg2 at B = 0.0768 mT. The 
blue region represents when the SDE is enhanced, which is shaped diagonally. 
The grey curve indicates the gate conditions when single JJ1 and single JJ2 have 
the same switching currents. The blue SDE region follows the grey curve; this 
implies that the symmetric condition of JJ1 and JJ2 favours a larger SDE.
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the largest with η = −0.075 at Vg2 = −1.525 V. Figure 3d shows the evalu-
ated η as a function of Vg1 and Vg2 at B = 0.0768 mT. The blue region cor-
responding to the large SDE appears diagonally on the Vg1–Vg2 graph; 
this diagonal SDE dependence seen in Fig. 3d indicates that η, corres-
ponding to the SDE at Vg1 = −1.5 V, nonmonotonically depends on Vg2 
in Fig. 3c. A grey curve in Fig. 3d indicates (Vg1, Vg2) combinations for 
which Isw of the single JJ1 (with JJ2 off) at the Vg1 is equal to Isw of the single 
JJ2 (with JJ1 off) at the Vg2. Consequently, the blue SDE region follows 
the grey curve, indicating that the symmetric condition of JJ1 and JJ2 is 
significant for observing the SDE in our device. The mirrored structure 
device also indicates a similar gate dependence of the SDE with the 
sign reversed (Supplementary Note 3 and Supplementary Fig. 4). The 
coherent coupling of the two JJs is formed when the Andreev bound 
states in JJ1 and JJ2 hold the same energies. Thus, when the number of 
bound states, energies and transmissions of the JJs are similar or the 
same, the coherent coupling affects the supercurrent transport more 
markedly. Therefore, the symmetric condition of the JJs’ switching 
current that produces a larger SDE in the experiments is reasonable 
for the SDE originating from the coherent coupling of the JJs. Further, 
the inductance effect cannot generate such gate dependence of η, 
because the SDE generated by the inductance and the bias current I1 
decreases monotonically as I1 becomes smaller. Thus, if the SDE was 
produced by the inductance of the SC loop, only the local gate control 
would monotonically decrease the SDE; if that was the case, there would 
be no diagonal feature as shown in Fig. 3d (Supplementary Note 4  
and Supplementary Figs. 5–6).

SDE origins
Theoretically, the coherent coupling of the Andreev bound states  
and the SDE are generated by two coexisting mechanisms: elastic  
cotunneling and crossed Andreev reflection21. Here, cotunneling 
implies quasiparticle tunnelling through the central SC electrode 
from JJ1 to JJ2, whereas the crossed Andreev reflection37–39 describes 
the tunneling of an electron from JJ1 into JJ2 as a hole. Owing to the 
two mechanisms having the different coupling energies, the Andreev 
bound states’ energies (as a function of ϕ1 with a fixed ϕ2 ≠ 0, π) become 
asymmetric to ϕ1 = 0, resulting in the asymmetric CPR of JJ1 because the 
supercurrent is proportional to the differential of the energies by ϕ1 
(ref. 21). This asymmetric CPR allows the difference between positive 
and negative switching currents, thus providing the SDE.

In the literature21, the predicted CPR indicates a finite supercur-
rent at ϕ1 = 0 (namely, at the ϕ junction), in which the ground state of 
a JJ appears at a finite phase difference far from 0 or π (refs. 40–46). 
Thus, the obtained SDE can be an experimental signature of the ϕ 
junction formation in JJ1. The ϕ junction is expected to be applied to 
cryogenic memory cells47 and phase batteries48,49. Our results can also 
be explained without considering the spin–orbit interactions present 
in InAs quantum wells. Recently, such spin–orbit interactions have 
been reported as playing an important role in the SDE observed in 
single JJs in the presence of an in-plane magnetic field9. The in-plane 
magnetic field may be utilized to study the physics of the spin–orbit 
interactions in the SDE in the coupled JJs. Further experimental studies  
to reveal the ϕ junction and the spin–orbit interaction roles in the  
SDE are required to establish the coupled JJ physics and to evaluate  
any potential applications.

To establish the physics of these coupled JJs, the Andreev spectrum 
must be observed; this will be accomplished by tunnel spectroscopy 
of the respective JJs, as reported previously for multiterminal JJs50.

Conclusion
In conclusion, we demonstrate that the SDE in a JJ controlled by the 
non-local phase difference emerges from the coherent coupling of 
two JJs. The local and non-local gate-voltage dependencies indicate 
that the SDE is greatest when the two JJs become nearly equivalent, 
implying that the observed SDE is derived from the coherent coupling 

between two JJs. The SDE observations indicate that there are two dif-
ferent coupling mechanisms, elastic cotunneling and crossed Andreev 
reflection, possessing different coupling energies. Our results indicate 
that the time-reversal and spatial-inversion symmetries in one JJ are 
broken by non-local control of the other coupled JJ. This means that 
the coupled JJs will be platforms to exploit the exotic SC phenomena, 
which have been demonstrated with the SC systems of the spin–orbit 
interactions and the strong magnetic fields and are available to design 
SC diode devices in SC circuits.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-023-02144-x.
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Methods
Sample growth
The wafer structure was grown via molecular beam epitaxy on a 
semi-insulating InP substrate. The stack materials from bottom to top 
are a 100 nm In0.52Al0.48As buffer, a 5 period 2.5 nm In0.53Ga0.47As/2.5 nm 
In0.52Al0.48As superlattice, a 1-μm-thick metamorphic graded buffer 
stepped from In0.52Al0.48As to In0.84Al0.16As, a 33 nm graded In0.84Al0.16As 
to In0.81Al0.19As layer, a 25 nm In0.81Al0.19As layer, a 4 nm In0.81Ga0.19As 
lower barrier, a 5 nm InAs quantum well, a 10 nm In0.81Ga0.19As top  
barrier, two monolayers of GaAs and finally an 8.7 nm layer of  
epitaxial Al. The top Al layer has been grown in the same chamber 
without breaking the vacuum. The two-dimensional electron gas  
accumulates in the InAs quantum well.

Device fabrication
The JJs were fabricated using conventional electron beam lithography 
with polymethyl methacrylate. The aluminium film was etched out 
using a type-D etchant after defining the mesa of the InAs quantum 
well with a 1:1:8 H3PO4, H2O2 and H2O etchant ratio. Then, a 30-nm-thick 
Al2O3 film was grown by atomic layer deposition and Ti and Au were 
deposited to obtain the gate electrodes.

Data availability
The data that support the findings of this study are available from the 
Zenodo repository at https://doi.org/10.5281/zenodo.8024898. Source 
data are provided with this paper.
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