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The superconducting diode effect (SDE) has recently been observed in various systems, sparking
interest in novel superconducting devices and offering a new platform to probe intrinsic mate-
rial properties. Josephson junctions with strong Rashba spin-orbit coupling have exhibited nonre-
ciprocal critical currents under applied magnetic fields. In this work, we investigate the SDE in
Josephson junctions incorporating periodic hole arrays patterned into the superconducting leads on
InAs heterostructures with epitaxial aluminum. We observe an enhanced diode effect when a top
gate depletes the 2DEG in the region of the hole arrays, while preserving the overall supercurrent.
Theoretical analysis shows that the physics behind this phenomenon is the increased difference of
transparency between different bands in the junction. These results highlight a new pathway for
engineering and controlling nonreciprocal superconducting transport in hybrid systems.

The superconducting diode effect (SDE) has recently
sparked widespread interest in both experimental and
theoretical condensed matter research, owing to its
promising potential in advanced superconducting tech-
nologies [1–13]. Analogous to conventional semiconduc-
tor diodes—essential components in modern electron-
ics—superconducting diodes are envisioned as key ele-
ments in next-generation low-dissipation circuits. How-
ever, unlike semiconductor diodes, which suppress cur-
rent in one direction, the SDE manifests as a nonrecip-
rocal critical current, i.e., a directional asymmetry in the
maximum supercurrent the system can carry. Among
various systems that can host the SDE, recent stud-
ies have demonstrated the SDE in Josephson junctions
(JJ) incorporating Rashba spin-orbit coupling (SOC)
and broken time-reversal symmetry [2, 11, 14–17], and
even in systems lacking explicit SOC [4, 12, 18, 19]. In
such setups, the SDE is frequently attributed to finite-
momentum pairing mechanisms, making it a sensitive
probe of the underlying material properties [8, 17, 20–22].
Despite growing experimental evidence, realizing a strong
and tunable SDE remains a critical challenge for prac-
tical applications. Among potential platforms, Joseph-
son junctions are particularly appealing due to their en-
hanced electrostatic tunability [23], especially when com-
pared to high-carrier-density systems such as metallic or
van der Waals materials [24, 25]. Theoretical propos-
als suggest that both the geometry and the microscopic
properties of Josephson junctions can significantly influ-
ence the SDE [4, 26, 27].

In this work, we investigate the SDE in planar Joseph-
son junctions fabricated from materials with strong spin-
orbit coupling [28]. Building on our previous findings,
where the diode effect was shown to depend on supercon-
ducting contact width and the orientation of an in-plane
magnetic field [29], we now explore how the SDE can be

tuned via various electrostatic gating in a newly designed
junction geometry. Our results reveal an unexpected and
unconventional enhancement of SDE efficiency that can-
not be simply explained by orbit effect [18, 30], changes in
chemical potential or superconducting coupling strength
in the junction. Instead, from numerical simulations and
analysis, we find that the observed behavior is linked to
modifications in Andreev reflection processes, suggesting
a novel mechanism for controlling the superconducting
diode effect.

The Josephson junction devices investigated in this
work are fabricated on InAs heterostructures with epi-
taxial superconducting Al thin films serving as the super-
conducting layer. Device fabrication involves a two-step
process: first, a deep etch is performed to define the mesa
structure, followed by a selective etching of the Al layer
to pattern the Josephson junction geometry. The junc-
tion weak link is 4 µm long with a width of around 100
nm. Two rows of periodic holes are intentionally etched
on each side of the Al contacts as shown in Fig.1(a). Elec-
trostatic control of the device is achieved using a double-
gate architecture. The first layer consists of a junction
gate (JG), which is positioned directly over the junction
region to modulate the chemical potential in the central
section of the junction. A second dielectric layer elec-
trically isolates the JG from the top gate (TG), which
constitutes the second gate layer. The TG spans a sig-
nificantly larger area of the device, including the regions
containing the etched holes, thereby allowing indepen-
dent tuning of the surrounding electronic environment. A
schematic illustration of the device geometry and mate-
rial stack is shown in the inset of Fig.1(a). The JG is de-
signed to be shorter than the junction by 100 nm at each
end. Although JG itself cannot fully deplete the junction
(see SM), since it does not cover the ends of the junction,
the chemical potential in the whole junction can be fully
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FIG. 1. (a) False-color scanning electron micrograph of the measured device and schematic of the device and the material
stacks. (b) Differential resistance as a function of the bias current and Bz. (c) Differential resistance as a function of the bias
current and TG voltages at Bz = 0 and By = 50 mT. (d) Differential resistance as a function of the bias current and JG
voltages at Bz = 0 and By = 50 mT. (e) Diode effect efficiency η as a function of JG voltages. (f) Diode effect efficiency η as
a function of By.

controlled by using JG and TG together (see SM). In par-
ticular, TG plays two roles: depletion of the ends of the
junction and depletion of the 2DEG in the region of the
etched holes on the Al contacts. Based on the results of
various gate scans (see SM), we expect the TG to deplete
the region of the holes when the voltage is below - 2.5 V.
As discussed in Ref. 23, the depletion of the 2DEG in the
region of the holes has a nontrivial effect on the supercur-
rent. A significant supercurrent enhancement has been
observed when the holes are depleted at finite magnetic
fields, which we attribute to a strengthened Andreev re-
flection induced by the TG [23]. In this manuscript, we
focus on the SDE observed at low magnetic fields. All
measurements in this study were performed at around 30
mK in a dilution refrigerator equipped with a three-axis
vector magnet. As shown in Fig. 1 (a), the magnetic field
is defined with respect to the sample geometry such that
the z-axis is oriented perpendicular to the sample plane,
while the x- and y-axes lie in-plane, aligned parallel and
perpendicular to the current flow, respectively. We used
standard low-frequency lock-in amplification techniques
with excitation currents of no more than 10 nA and fre-
quencies of 17 and 77 Hz. The thin Al film used in our
devices is highly sensitive to out-of-plane magnetic fields,
making precise field alignment essential for reliable mea-
surements. To ensure accurate alignment of a desired
in-plane magnetic field —e.g., By = 50 mT, we perform
an out-of-plane field (Bz) scan while holding By = 50
mT fixed. The actual Bz = 0 condition is determined
by identifying the center of the Fraunhofer interference

pattern, which corresponds to zero net flux through the
junction. Once Bz is aligned to this true zero, we fix
the field configuration and perform bias current versus
gate voltage scans to investigate the nonreciprocity of
the critical current (see SM for more details about the
measurement).

In Fig. 1 (b) and (c), we sweep Bz while JG is set to
0 and TG is set to -5 V. The choice of TG of -5 V is
to suppress SQUID-like interference effects arising from
parallel conduction paths at the ends (see SM). In these
figures we present the differential resistance as a function
of the bias current and the out-of-plane field Bz for By

= 0 and By = 50 mT. We observe that, at zero magnetic
field, the critical current is consistently larger when the
bias current is swept from zero to high values compared
to vice versa. This asymmetry is likely attributed to
heating effects (see SM for a detailed discussion), which
introduce a hysteresis in the current-voltage character-
istics. To mitigate artifacts arising from this effect, all
measurements presented in this work were performed us-
ing a bias sweep from positive bias to zero and then from
negative bias to zero, unless explicitly stated otherwise.
The reason we choose to sweep the bias from high bias
to zero is that the cold electron branch usually exhibits
a broad switching distribution near the Fraunhofer max-
imum [29]. We therefore only derive the values of the
critical current from the hot electron branch. Since we
focus on the diode effect, using the hot electron branch
will not compromise the robustness of our conclusions
(see SM for a detailed discussion). At zero in-plane field
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FIG. 2. (a) The diode effect efficiency η as a function of By for different TG voltages at JG = 0. (b) Differential resistance
as a function of the bias current and TG voltages at By = 40 mT. (c) Differential resistance as a function of the bias current
and TG voltages at By = 110 mT. (d) Absolute values of the critical currents as a function of By for JG = 0 and TG = -0.6
V. (e) Absolute values of the critical currents as a function of By for JG = 0 and TG = -3 V. (f) The diode effect efficiency η
as a function of TG voltages for different By at JG = 0.

(Fig. 1 (b)), the scan reveals a Fraunhofer pattern that
has equal critical currents measured at positive and nega-
tive bias within the range of measurement error, indicat-
ing the absence of SDE under these conditions. We have
also verified that there is no SDE when the in-plane field
is parallel to the supercurrent (see SM). We repeat the Bz

sweep at By = 50 mT for a reduced Bz range and focused
on the main lobe, as shown in Fig. 1 (c). A clear asym-
metry emerges between the positive and negative critical
currents across the entire range of Bz. This indicates a
superconducting diode effect under an in-plane magnetic
field perpendicular to the supercurrent. In Fig. 1 (d), we
plot critical current as a function of bias current and JG
voltages at TG = -5 V and Bz = 0 and By = 50 mT. The
supercurrent can be fully depleted by the JG and a clear
SDE can be observed for the entire range of JG voltages.

The diode effect’s efficiency η (η = Ic+−|Ic−|
Ic++|Ic−| ) charac-

terizes the strength of the SDE. We extract η from bias
current versus gate scans, and investigate its dependence
on gate voltages and in-plane field By. In Fig. 1 (e), η
is plotted as a function of the JG voltages for various
values of By, with the top gate fixed at TG = -5 V. As
can be seen, η generally decreases as voltages on the JG
decrease. In contrast, increasing By from 20 mT to 50
mT leads to a clear enhancement of η. These trends are
consistent with expectations: lowering the JG voltage re-
duces the chemical potential and the interfacial electric
field, thereby weakening the Rashba spin-orbit coupling

and diminishing the strength of the SDE [2]. Meanwhile,
increasing By enhances the nonreciprocity in the junc-
tion, resulting in a monotonic increase in η from By = 0
to By = 50 mT. The effect of By on the SDE is further
illustrated by plotting η as a function of By at fixed gate
voltages. As shown in Fig. 1 (f), η increases with By

and reaches a maximum around By = 50 mT. Beyond
this point, further increases in By result in a gradual de-
crease in η. This nonmonotonic behavior is consistent
with both theoretical predictions and prior experimental
observations [29]. The field at which the η peaks provides
insight into the strength of the spin-orbit coupling in the
system [29], as it reflects the optimal balance between
spin-orbit and Zeeman energies that maximizes nonre-
ciprocal transport.

In Fig. 2 (a), we plot η as a function of By for vari-
ous TG voltages. While the overall trend is similar for
different TG voltages, we observe that the magnitude
of η changes with TG voltages. Traces obtained at TG
below -1.6 V give a significant enhancement to η com-
pared to traces obtained at 0 V and -1 V. Notably, η
changes sign and becomes negative when TG = 0, 1 V
and By > 100 mT. In Fig. 2 (b), we present a bias cur-
rent versus TG scan at By = 40 mT to illustrate how the
critical currents and the diode efficiency η evolve with
TG. The critical current first decreases as TG depletes
the ends of the junction around -2.5 V and then remains
nearly constant for more negative TG voltages (see SM
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for more gate dependence) while the positive branch is
always larger than the negative branch. We repeat the
TG vs current bias sweep at By = 110 mT, as shown
in Fig. 2 (c). For TG = 0 V, the critical current at
negative bias Ic− exceeds the positive-bias critical cur-
rent Ic+, resulting in a negative diode efficiency. When
TG is made more negative, Ic+ gradually increases while
Ic− decreases, This crossover leads to a sign change in
η, which becomes positive for TG < -2 V. Notably, the
average critical current Ic++Ic−

2 remains nearly constant
throughout the TG sweep in Fig. 2 (c), indicating that
the chemical potential within the junction and the cou-
pling between the junction and the superconducting leads
are not significantly affected by TG. In Fig. 2 (d) and (e),
we plot absolute values of the positive- and negative-bias
critical currents as functions of By for two representa-
tive TG voltages. For TG = -0.6 V, both the Ic+ and
the Ic− decline with increasing By, and the difference be-
tween them peaks around By = 50 mT, consistent with
the typical behavior of the SDE observed in Fig. 2 (a).
For TG = -3 V, Ic+ increases significantly from 0 to 50
mT, while Ic− remains nearly unchanged. This asym-
metric evolution of the critical currents leads to a more
pronounced enhancement of the diode efficiency η.

To further study the influence of TG on the diode
efficiency η, we plot η as a function of TG voltage in
Fig. 2 (f) for various By at JG = 0. Notably, the depen-
dence of η on TG exhibits a markedly different behavior
compared to its dependence on JG. As the voltage on TG
decreases, η initially decreases and reaches a minimum
near TG = -0.6 V. Upon further depletion, η begins to
increase and reaches a maximum around TG = -2.5 V.
Interestingly, this voltage corresponds to the depletion
threshold of the 2DEG in the etched hole regions (see
Supplemental Material). The observed nonmonotonic de-
pendence of η on TG is counterintuitive and cannot be
readily explained by changes in the chemical potential
within the junction. This is because the JG screens the
electric field from TG, thereby minimizing its influence
on the potential in the center of the junction. Moreover,
as shown in Fig.1(e), a decrease in chemical potential in-
duced by JG depletion leads to a reduction in η. This
further supports the notion that the nonmonotonic de-
pendence of η on TG cannot be attributed to changes
in the chemical potential within the junction. Thus, we
suspect that the enhancement in η at more negative TG
voltages may arise from a novel and distinct mechanism.

To understand the origin of the diode factor en-
hancement by depletion, we numerically simulated the
punched-hole structure with rescaled parameters (see SM
for details). Fig. 3 (a) shows the geometry used for the
simulations. Given the large width (∼ 4µm) of the ex-
perimental devices, to be able to complete the numerical
calculations in reasonable times we rescaled the device’s
length, keeping, however, the ratios between all the phys-
ical lengths as close as possible to the experimental ones.

(a)

(c)

(b)

(d)

N1

N2

N3

FIG. 3. (a) Schematic of the punched hole setup in the
simulations. The orange strip denotes the normal region;
the blue region represents the superconducting area and the
green squares represent the depleted holes. (b) Diode factor
η as a function of the normal region chemical potential µ at
EZ = 1 meV. (c) Diode effect as a function of the Zeeman
term. (d) Diode effect vs the chemical potential µh in the
holes, denoted by the red circles. The fitted η using the two-
channel model is shown by the red triangles and ∆τ = τ2−τ1
is denoted by the blue circles.

As shown in Figs. 3(b), (c), (d), the numerical results
reproduce semiquantitatively the experimental results.
Fig. 3(b) shows the η’s dependence on the chemical po-
tential µ (tuned by the JG’s gate) inside the normal re-
gion. Fig. 3 (c), shows the dependence on the Zeeman
energy, EZ , Fig. 3(c) for fixed µ and µh. The most com-
pelling results are the ones of Fig. 3 (d) which shows the
evolution of η as µh, i.e., the TG’s gate, is varied for fixed
µ and EZ .
Given the large JJ’s width, the supercurrent across the

junction is due to the contribution of several Andreev
bound states, shown in Figs. 4 (a)-(c). To try to un-
derstand the effect of TG qualitatively, we consider the
simplest JJ’s model that exhibits a diode effect: a model
with just two modes having different transparencies, τ1,
and τ2 = τ1 + ∆τ . In this model, the dependence of
the normalized supercurrent, I = (Ĩ/I1), on the phase ϕ
across the JJ is given by the following equation:

I =
sin(ϕ+ θ1)√

1− τ1 sin
2(ϕ+θ1

2 )
+

sin(ϕ+ θ1 +∆θ)√
1− (τ1 +∆τ) sin2(ϕ+θ1+∆θ

2 )
.

(1)
Ii is just an overall scale that, for instance, depends on
the JJ’s width. The values of θ1, τ1 are obtained as those
that best fit the numerical results for a given value of µh,
i.e., of the TG’s gate, and are not varied as µh is tuned.
This is physically well motivated and the parameters re-
duce to just ∆τ and ∆θ to model qualitatively the effect
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of µh on η.
Figures 4 (d)-(f) show, as dots, the current obtained

using the full numerical model, i.e., summing up the con-
ribuion of all the modes in the JJ, and the red lines show
the best fits obtained using Eq. (1), the constraints on the
fitting parameters discussed above, and the parameters’
values provided in the figure caption, for the values of µh

corresponding the the points N1, N2, N3, in Fig. 3 (d)
Similarly, Figs. 4 (g)-(i) compare the positive ϕ and neg-
ative ϕ current-phase relation to emphasize the presence
of the SDE and its evolution with µh. Figures 4 (j)-
(k) compare the dispersion of the two effective Andreev
modes used to fit the CPR obtained fully numerical.

Results like the ones shown in Fig. 4 (d)-(l) allow us
to obtain the evolution of η with µh. This is shown by
the red triangles shown in Fig. 3 (d). We can see that
the simple two-modes model is able to capture, at least
qualitatively, the non-monotonic dependence of η on µh.
Expanding Eq.(1) up to second harmonics for η we find
the simple expression in terms of ∆τ :

η ∝ ∆τ sin
∆θ

2
(2)

The blue dots in Fig. 3 (d) show η obtained by also
keeping fixed the value of the parameter ∆θ. These re-
sults demonstrate that the likely dominant mechanism
for the non-monotonic scaling of η with µh is the non-
monotonic evolution of the most transparent effective
Andreev bound state in the two-band model.

To understand the evolution of ∆τ as the depletion in-
creases, we study a simplified 1D model, see Fig. 5(a).
Since the transparency of Josephson junctions is the
probability for Cooper pairs to cross the junction, in
first approximation, it can be taken to be proportional o
|reh|2 = 1− |ree|2 where reh (ree) represents the Andreev
(normal) reflection coefficient [31, 32]. We then check the
difference of the Andreev reflection coefficients between
two states with different kF representing two effective
channels, see Fig. 5(b). It is clear that the difference
has a non-monotonic behavior as the depletion increases,
with a peak at a certain optimal value of µh. Impor-
tantly, this non-monotonic behavior of η is independent
of the distance between the depleted and normal regions,
differently from the behavior of the supercurrent as dis-
cussed in Ref. [23] [33]. This shows that the difference
of the Fermi momentum in the direction of the super-
current results in different transparency. This difference
non-monotonically changes with depletion, leading to the
diode factor enhancement observed at certain depletion
strengths.

In summary, we fabricated Josephson junctions with
periodic hole structures on the Al contact leads on InAs
heterostructures. Through the depletion of the hole re-
gion by a top gate, we observe an enhanced supercon-
ducting diode effect, while the overall supercurrent is not
significantly modified. As the effect of the top gate on

FIG. 4. Spectrum at (a) N1 point, (b) N2, and (c) N3. Cor-
responding CPR (dots) and two-channel fitting (line) is pre-
sented in (d)-(f). In the fitting, θ1 = 0.77,∆θ = −1.5, τ1 =
0.975 are fixed, while I1 = 0.376, 0.386, 0.385, and ∆τ =
−0.013,−0.023,−0.020 in (d)-(f). Comparison of CPR at ϕ
(blue) and −ϕ (red) where ϕ > 0, for (g) N1 only, (h) N1

(dashed lines), N2 (dash-dotted lines), and N3 (solid lines).
(i). The difference of CPR at ϕ and −ϕ for N1 (dashed lines),
N2 (dash-dotted lines), and N3 (solid lines). (j). Energy
spectrum of the two effective modes (red for the first Andreev
bound state and blue for the second) used in the fitting for N1

(dashed lines), N2 (dash-dotted lines), and N3 (solid lines).
(k). Energy difference between N1 and N2 (dash-dotted line)
and between N1 and N3 (solid line), of the first mode (red)
and the second mode (blue). (l). Difference between N1 and
N2 (dash-dotted line) or N3 (solid line), of the energy sum
from the two modes.

the weak link region is screened by the junction gate,
the enhancement is not induced by the change of chem-
ical potential in the weak link region. Based on numeri-
cal simulations, we attribute the enhancement to the in-
creased difference in transparency between different JJ’s
modes. Our observed enhancement differs from previous
works, where a change in chemical potential or spin-orbit
coupling induces the modification of the superconducting
diode effect. As demonstrated by the unique tunability
of our device, we believe such a periodic hole structure
could be potentially useful in the development of novel
superconducting devices.



6

(a) (b)

FIG. 5. (a) Schematic of a simplified 1D-model for calculat-
ing the reflection. The color code is the same as Fig. 3. The
green region represents the depleted area without supercon-
ductivity, the orange area represents the semi-infinite normal
region, and the blue denotes the superconducting area. The
two separate superconducting areas have the same phase, and
the left one is semi-infinite. (b) The difference in Andreev re-
flection coefficients between two channels differing only by
their Fermi momentum. r1, r2 are the Andreev reflection co-
efficients of each channel, respectively.
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