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Josephson diode (JD) effect found in Josephson tunnel junctions (JTJs) has attracted a great deal
of attention due to its importance for developing superconducting circuitry based quantum technolo-
gies. So far, the highly desirable electrical control of the JD effect has not been demonstrated in any
JTJ prepared using techniques employed in the semiconductor industry. We report the fabrication
of JTJs featuring a composite tunnel barrier of Al2O3 and Hf0.8Zr0.2O2 prepared by complementary-
metal-oxide-semiconductor (CMOS) compatible atomic layer deposition (ALD). These JTJs were
found to show the JD effect in nominally zero magnetic fields with nonreciprocity controllable via
an electric training current, yielding a surprisingly large diode efficiency, previously unattained.
The quasiparticle tunneling, through which the Josephson coupling in a JTJ is established, was
found to show no nonreciprocity. We attribute these observations to the simultaneous presence of
positive and negative Josephson couplings, with the latter originating from indirect tunneling. The
resulted spontaneous time-reversal symmetry breaking and the double-minima washboard poten-
tial for the ensemble averaged phase difference in the resistively and capacitively shunted junction
(RCSJ) model are shown to fully account for the experimentally observed JD effect.

I. INTRODUCTION

Josephson tunnel junctions (JTJs)[1–4] comprising two
superconducting electrodes separated by a insulating
tunnel barrier have played a central role in developing su-
perconducting electronics crucial for the development of
superconducting quantum technologies, including quan-
tum computation. The critical current of a JTJ, Ic,
is typically independent of the direction of the current.
However, JTJs can also exhibit nonreciprocal Ic values,
potentially providing functionalities similar to those of
voltage-biased semiconductor diodes[5]. A nonrecipro-
cal JTJ is also known as a Josephson diode (JD), a de-
vice concept proposed originally to take advantage of the
availability of electron- and a hole-doped superconduc-
tors that can be placed in close proximity to create a de-
pletion layer similar to a semiconductor PN junction[6].
However, in recent years any Josephson junction exhibit-
ing nonreciprocal behavior is also referred to as JD even
when both superconductors are of the same carrier type.
The nonreciprocity arises instead from the breaking of
the inversion and time-reversal symmetry (TRS) with-
out the formation of the depletion layer. The JD effect
has been found in a wide range of systems consisting of a
magnetic barrier [7–9], layered van der Waals materials
[8, 10–16], topological materials [17, 18], or a supercon-
ducting weak link [16, 19–26], including that utilizing a
vortex trap[27].

∗ Corresponding author. Email: yxl15@psu.edu

It is often undesirable if the JD effect requires the
presence of external magnetic field to break the TRS
explicitly from a technological standpoint because of
the undesired challenges in controlling superconduct-
ing vortices, motivating the search for field-free JD
effect[7, 10, 11, 13, 16, 27]. A ferroelectric JTJ was pro-
posed to feature the JD effect[19, 28], which will also
serve as a platform for exploring other physical phenom-
ena originating from the interplay between superconduc-
tivity and ferroelectricity including the presence of exotic
collective modes[29].

The electrical control of the JD effect, which has so far
been rarely achieved[13, 27], is also crucial for the appli-
cations of JD. Indeed, at the time of writing, only three
studies reported magnetic-field-free JD effect in JTJs,
among which only one demonstrated the electrical con-
trol of the effect (Table I). In addition, technologically
relevant JDs would have to be fabricated using mate-
rials and processes compatible with the complementary
metal-oxide semiconductor (CMOS) technology in view
of its dominance in the current infrastructure anchor-
ing semiconductor manufacturing. However, this has not
been demonstrated thus far. In this context, the use
of CMOS-compatible atomic layer deposition (ALD) to
prepare JTJs, which was attempted previously but not
to achieve the JD effect[30–32], is highly desirable.

We report here the successful preparation of
TiN/Al2O3/Hf0.8Zr0.2O2/Nb JTJs, which, unexpectedly,
exhibit the JD effect with a diode efficiency surpassing all
previously reported values for nonmagnetic JTJs working
in nominally zero magnetic fields (Table I). We employed
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TABLE I. Summary of reported nonmagnetic JTJs
showing the JD effect in zero magnetic fields. BE
and TE are bottom and top electrodes, TB: tunneling
barrier, C: controllability, η: diode efficiency defined by
η =

∣∣(I+c − I−c )/(I
+
c + I−c )

∣∣, and BSCCO: Bi2Sr2CaCu2O8+x.

BE TE TB η C Ref.
NbSe2 NbSe2 2D crystal 0.08 no [10]
BSCCO BSCCO natural 0.07 no [33]
BSCCO BSCCO natural 0.18 yes [13]
TiN Nb composite 0.39 yes this work

FIG. 1. JTJ design and characterization. (a)
Schematic of JTJ consisting of 30 nm TiN, 0.5 nm Al2O3,
0.7 nm Hf0.8Zr0.2O2, and 30 nm Al2O3, all deposited sequen-
tially in the same ALD chamber. The 100 nm layer of Nb was
sputter-deposited onto the window opened in the top layer of
Al2O3 by wet etching. (b) AFM imaging of a 1 µm×1 µm
region showing the smoothness of the bottom layer of TiN.
(c) I-V curve at 3K and nominally zero magnetic fields with
I+,−
c and I+,−

r indicated. (d) Values of ARN with an optical
image of the device shown in the inset.

a CMOS-compatible thermal and plasma enhanced ALD
processes for the growth of the bottom electrode of TiN,
the tunneling barrier, and the insulating layer defining
the junction area. The use of Zr-doped HfO2, a high-κ
material, is motivated by the demonstration of ferroelec-
tricity in this material down to such a small thickness[34–
36] that makes the realization of a ferroelectric JTJ a
realistic possibility.

II. CMOS-COMPATIBLE FABRICATION OF
JTJS AND CHARACTERIZATION

Size scaling in microelectronics, which for decades has
relied on shrinking the physical dimension to increase the
density of transistors, appears to have met the physical

limits in miniaturization. Countless innovations includ-
ing the 3D integration had to be made to enable the
continuation of the scaling laws[37]. The ability of ALD
in conformal coating of non-planar semiconductors with
atomically thin films of a wide range of materials has
made it an indispensable tool in CMOS technology. It
is interesting to note that ALD has nevertheless rarely
been used in the preparation of JTJs – only a couple of
attempts have been reported thus far [30–32].

Taking advantage of thermal ALD and plasma-
enhanced ALD (PEALD) techniques, we pursued the
preparation of JTJ involving a TiN bottom electrode and
a composite tunneling barrier of Al2O3/Hf0.8Zr0.2O2.
The barrier was covered by a thick layer of Al2O3, also
grown by ALD, with windows etched into the top Al2O3

layer to define junctions of varying sizes. The top elec-
trode of Nb was prepared by sputtering that tends to
yield a film and an interface with Hf0.8Zr0.2O2 of superior
quality. The Al2O3 layer was employed to prevent the ox-
idation of TiN, as interdiffusion of TiN and Hf0.8Zr0.2O2

is expected due to the high growth temperature (250 °C)
required for the latter[38, 39], and to engineer a dielec-
tric interface featuring a large mismatch in dielectric con-
stants (κAl2O3=8, κHZO=20). When an electric field is
applied across the interface, bound charge accumulates
at the interface, which may remain at the interface even
after the field is removed. This will then mimic the sur-
face bound charge found in a ferroelectric. The design
and the optical image are shown in Fig. 1(a), the inset
of Fig. 1(d), respectively. Electrical contacts to the junc-
tion were made by pressing small indium dots onto the
top and bottom electrodes (not shown), enabling stan-
dard four-point electrical transport measurements at low
temperatures.

The atomic force microscopy (AFM) was used to as-
sess the smoothness of the bottom electrode, a 30-nm-
thick TiN film, revealing excellent surface smoothness
(Fig. 1(b)). The presence of the Josephson coupling in
the junction is evident through the observation of the
zero-voltage supercurrent in the current (I)-voltage (V )
curves (Fig. 1(c)). As the current is ramped up from
zero, a sharp rise in voltage marks the critical current,
I+c . After reaching a preset maximum value, the current
is ramped back down to zero, with the voltage returning
to zero at the retrapping current, I+r . A similar behavior
occurs during the negative current sweep, yielding the
corresponding critical and retrapping currents, I−c and
I−r . The large difference between the critical and retrap-
ping currents suggests that the Josephson junction be-
longs to the underdamped category, ruling out the pres-
ence of metallic shorts in the tunneling barrier[40].

The normal-state junction resistance, RN, can be esti-
mated from the voltage right above the critical current
in the I-V curve. The contribution of the TiN film re-
sistance to the junction resistance was found to be sig-
nificant when the bottom electrode (TiN) becomes non-
superconducting because it covers the entire substrate.
Using the I-V curve to compute RN avoids this problem
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as the critical current of the junction will be much smaller
than that of the large TiN film. To assess the unifor-
mity of the tunnel barrier, values of ARN, where A is the
junction area and RN is obtained at 2K, for four junc-
tion sizes were shown in Fig. 1(d), revealing only small
variation for A = 64, 225, 707, and 900 µm2, which indi-
cates again that the tunnel barrier is reasonably uniform
and free of metallic shorts. Values of the superconduct-
ing energy gap for the top and bottom electrodes can
be estimated from the Tc values using the BCS theory
(∆T=0 ≈1.76kBTc) [40], yielding two zero-temperature
gap values, ∆Nb = 1.25meV for Nb and ∆TiN = 0.52meV
for TiN, consistent with those found in the literature
[41, 42].

III. QUASIPARTICLE TUNNELING

The quasiparticle tunneling spectra, dI/dV vs. eV
curves, provide insights into the nature of the Josephson
coupling as the Josephson currents in a JTJ are derived
from the phase coherent quasiparticle tunneling (at zero
bias). Fig. 2(a) and (b) show the I-V and dI/dV vs. eV
curves at selected temperatures are shown. In the latter,
four peaks marked by ∆1, ∆2, ∆3, and ∆4 are clearly
seen. Theoretically, quasiparticle tunneling between TiN
and Nb should yield two peaks in the spectrum, at ∆Nb +
∆TiN and ∆Nb - ∆TiN, respectively, through direct tun-
neling. Using the T = 0 BCS values of ∆Nb = 1.38meV
and ∆TiN = 0.54meV estimated above from the Tc val-
ues, resulting in

√
∆Nb∆TiN = 0.86meV, it is seen that

∆1 = ∆Nb + ∆TiN and ∆3 = ∆Nb - ∆TiN. Indeed,
the temperature dependence of these two gap features
(Fig. 2(b) is consistent with theoretical expectations[40].

The observation of two other peaks, ∆2 and ∆4, seen
at voltages corresponding to the energy gaps of the two
superconducting electrodes, ∆Nb and ∆TiN, is not ex-
pected from direct quasiparticle tunneling between two
superconductors[40]. However, such features have been
observed experimentally[43] and explained theoretically
in a picture involving simultaneous tunnelings of two
quasiparticles [44], which are expected if the tunnel bar-
rier is thin and exhibits spatial variation. The tempera-
ture dependences of the gap values (Fig. 2(c)) are consis-
tent with the expectation of the BCS theory[40]

The simultaneous measurements of the Ic and RN val-
ues on the TiN/Al2O3/Hf0.8Zr0.2O2/Nb junctions pro-
vide a means to infer the nature of the Josephson cou-
pling. According to the Ambegaokar-Baratoff (A-B)
theory[4], the IcRN value is determined by the super-
conducting energy gaps of the two electrodes and the
normal-state junction resistance. The zero-temperature
Ic, calculated analytically from the A-B formula using the
previously determined gap values, is roughly 1.1mV/RN,
which is close to the experimental values (IcRN ∼1.0mV)
obtained at the lowest measured temperatures.

IV. TRAINING OF THE JD EFFECT

Multiple I-V curve loops taken consecutively revealed
variations in the critical current while that of the retrap-
ping current was found to vary very little. To quantify
the variation in the critical current, five to ten I-V loops
were measured consecutively. The I-V curve loops shown
in Fig. 2(a), obtained at various fixed temperatures are
those with its I+,−

c values closest to the average ones.
The averaged values of I+,−

c and I+,−
r shown in

Fig. 2(d) reveal clearly nonreciprocal behavior, seen to
decrease as the temperature increases and disappear
above around 3.2K. A dip in I+c is also seen around 2.3K.
The temperature independent I+,−

r is an indication that
the damping is dominated by high-frequency contribu-
tions rather than the frequency independent normal state
junction resistance[45].

The JD effect was found to be controllable by a normal-
state electric current approximately five times the criti-
cal current, which corresponds to an electric field on the
order of 105 V/cm. This “training” was performed in
one of the two ways. The current can be applied at a
low temperature, held for five minutes, and then turned
off to allow the sample to return to the superconduct-
ing state. Alternatively, it could also be applied at 10K
(above the Tc of Nb and TiN), held steady while the
sample was cooled to the measurement temperature, and
then switched off so that the junction returned to the su-
perconducting state. Either way, interestingly, the junc-
tion consistently exhibited a larger critical current in the
same direction of that of the training current, indepen-
dent of the original polarity of the JD effect. In Fig. 3(a)
and (c), it is shown that I−c is almost twice as large as I+c
after applying a negative training current of -1.2mA. Af-
ter training with a positive current (+1.2mA), the value
of I−c was greatly reduced and I+c became almost twice
as large as I−c (Fig. 3(b) and (d)). After the training,
the diode efficiency was significantly enhanced. On the
other hand, the effect of training disappears if the sam-
ple is warmed up above 10K. It should be noted that the
critical current aligned with the training current appears
unaffected or slightly enhanced and is close to the A-B
limit while the critical current in the direction opposite
to the training current is significantly suppressed.

V. INDIRECT TUNNELING AND NEGATIVE
JOSEPHSON COUPLING

The observation of the reduction in the IcRN value
from the A-B limit when the current flows in one di-
rection suggests that the JD effect is associated with a
mechanism that reduces the critical current, or more pre-
cisely, the IcRN value from the theoretically expected
value despite the gap values of the two electrodes re-
maining unchanged. It was recognized long ago that the
quasiparticle tunneling involving spin flips, not consid-
ered in the original A-B theory, would lead to the re-
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FIG. 2. Quasiparticle tunneling and Josephson effect. (a) I-V curves measured at various temperatures with critical
and retrapping currents, I+,−

c and I+,−
r , indicated. (b) dI/dV vs. eV at various temperatures showing four peaks denoted by

∆1, ∆2, ∆3, and ∆4. These features are related to superconducting energy gaps of superconducting electrodes. (c) Values of
the gap features with those obtained from the negative voltages marked by circles and those obtained from the positive voltages
by triangles showing no nonreciprocal behavior. (d) I+,−

c and I+,−
r as a function of temperature. The error bars were obtained

from the standard deviation (see text) with nonreciprocal behavior seen clearly.

duction of the IcRN value from the A-B value[46], which
furthermore leads to negative Josephson coupling. Sub-
sequent studies identified several possible mechanisms for
negative Josephson coupling, such as magnetic impurities
in the tunnel barrier[47–49]. However, all these mecha-
nisms require a Hamiltonian that explicitly breaks TRS,
making it irrelevant to the current study.

On the other hand, a negative Josephson coupling may
emerge in the JTJs studied in the current work through
previously identified indirect tunneling processes [50, 51]
despite TRS not being explicitly broken. Consider a
singly occupied localized state (−ε0 < 0) within the tun-
nel barrier, situated below the Fermi energies of the two
superconducting electrodes originating from an oxygen
vacancy (Fig. 4(a)). The energy of the localized state as
a function of the number of electrons (n0 = 0, 1, 2) in the
localized state is Eloc = −ε0n0 +Un0(n0 − 1)/2. Adding
a second electron leads to a large Coulomb interaction U ,
which is energetically unfavorable at low temperatures.
The full Hamiltonian of the system, including localized
states in the barrier, is given by H = HL + HR + HT ,

where HL and HR are BCS reduced Hamiltonians for
the two superconductors and HT represents the tunnel-
ing terms. For the direct tunneling, the tunneling Hamil-
tonian is given by

HT =
∑
kqs

(tkqc
+
LkscRqs + h.c.) (1)

where c+Lks, cLks and c+Rqs, cRqs are the respective cre-
ation and annihilation operators and tkq is the tunneling
matrix element for removing an electron with momentum
q and spin s in the right to become one in the left super-
conductor with a momentum k and spin s, respectively.
The tunneling matrix can be estimated in the WKB ap-
proximation,

tks ∼ exp (− 1

2ℏ
√

2meUd) (2)

where U is a parameter characterizing the height and d
the thickness of the tunneling barrier. Both Josephson
and quasiparticle tunneling currents have been shown in
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FIG. 3. Effect of training by a large electric current. (a, b) I-V curves at various temperatures as indicated after
training using a negative (a) and positive (b) electric current. (c, d) I+,−

c and I+,−
r as a function of temperature after training

using a negative (c) and positive (d) electric current. The error bars represent the standard deviation. The polarity of the
nonreciprocal behavior is seen to depend on the polarity of the training current.

the previous section where the four peaks in the tunneling
spectra are expected.

The Hamiltonian for the indirect tunneling is given by

HT =
∑
ks

(TLkc
+
Lksc0s+h.c.)+

∑
qs

(TRqc
+
Rqsc0s+h.c.) (3)

where TLk and TRq are tunneling matrix elements and
c0s is the annihilation operator for the localized state. In
the WKB approximation, the tunneling matrix elements
are given by

TLk ∼ exp (− 1

2ℏ
√
2meU1d1) (4a)

TRq ∼ exp (− 1

2ℏ
√
2meU2d2) (4b)

where U1 and U2 are parameters characterizing the
heights of the tunneling barriers, d1 and d2 are the thick-
nesses to the left and the right side of the localized states,
respectively, and δ is the spatial extension of the local-
ized state, which cannot be significantly smaller than the
barrier thickness (d = 1.2 nm) as shown in Fig. 4(a).

The presence of the localized state leads to reduced ef-
fective thickness of the tunnel barrier, making it plausible
that the probability of indirect tunneling is comparable
to that of direct tunneling. Indirect tunneling at zero
bias (Fig. 4(b)) can lead to a negative local Josephson
coupling as shown previously[50, 51] even though neither
spin flips[46] nor magnetic impurities required in the pre-
vious studies[47–49] are involved. Naively, the suppres-
sion of the critical current seen experimentally should
emerge if the local Josephson coupling becomes negative.

VI. SPONTANEOUS TRS BREAKING AND
ELECTRICAL CONTROL OF THE JD EFFECT

The simultaneous presence of positive and negative
Josephson couplings will lead to the formation of su-
percurrent and corresponding magnetic flux loops (see
Fig. 4(c)), which in turn leads to the TRS breaking, a
necessary condition for the JD effect. To obtain the non-
reciprocal Ic values, the distribution of the local Joseph-
son coupling and its effect on the critical current of the
junction need to be analyzed. Denoting the Josephson
junction plane as the x-y plane, we write the effective
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FIG. 4. Indirect Josephson tunneling and spontaneous
TRS breaking. (a) Schematic of a JTJ featuring a singly

occupied localized state in the tunnel barrier. EL,R
F is the

Fermi energies of the left and right electrode, δ is the spatial
extension of the localized state, and the total barrier thick-
ness is d = d1 + d2 + δ. (b) Indirect Josephson tunneling
through the localized state with an energy of −ε0 < 0 below
the aligned Fermi energies. Cooper pairs in the condensates
are shown by open circles but quasiparticles in the excited
states are not shown. Intermediate processes to transfer the
Cooper pair one quasiparticle at a time through the barrier
are indicated by circled numbers, including the simultaneous
tunnelings of the electron at the localized state to the right
and a quasiparticle on the left to the localized state (2, 2’
and 3, 3’). The two quasiparticles arriving at the right super-
conducting electrode must be interchanged in ordering before
they condense into the condensate (4), resulting in a negative
Josephson coupling. (c) Clockwise and counterclockwise mag-
netic flux loops (thick dash lines) formed along the boundary
of clusters of mini Josephson junctions featuring a negative
Josephson coupling, breaking the TRS spontaneously.

Hamiltonian in the form

Heff = H∆
eff(|∆L|, |∆R|) +Hϕ

eff [J(x, y), ϕL(x, y), ϕR(x, y)]
(5)

which possess the TRS. Note that the amplitudes of
the superconducting energy gap remain constant in both
superconducting electrodes but their phases vary spa-
tially with the phase rigidity length, which is roughly
the zero-temperature superconducting coherence length
(ξ ∼ 100 nm). The large JTJ used in the present study
can be modeled by a mini JTJ array, with the en-
ergy associated with the phases depending on not only
the Josephson energy, EJ = −

∑
ij Jij cos (ϕL,ij − ϕR,ij)

but also the kinetic energy associated with phase varia-

tions within the two superconducting electrodes, Eϕ
L,R =∑

ij κ
L,Rξ−2[(ϕL,R

ij − ϕL,R
i−1j)

2 + (ϕL,R
ij − ϕL,R

ij−1)
2], where

FIG. 5. Double minima potential and the JD effect.
The ensemble averaged potential (U) in the RCSJ model for
the JTJ featuring both the first and the second order terms
that results in an energy landscape featuring two distinct min-
ima, as shown in (a, b, d, e). The values of RN , C, J, and
J2 used to plot U are those of SampleA (see text). The to-
tal current flowing through the JTJ, I, with the direction of
Itraining indicated. The effect of training with an Itraining <0
(> 0) is assumed to set the initial conditions for Eq. 7 such
that the phase particle (filled circle) rests in a valley to the
left (or right) of the higher peak in U as indicated. The I-V
curves obtained from solving Eq. 7 for SampleA (solid lines)
are shown in (c) and (f), along with experimental data. The
experimental and calculated values for I−c and I+c are consis-
tent with one another but not those for I−r and I+r because
the latter are dominated by the high frequency damping not
included in the modeling.

the indices (i,j) mark the position of the mini junction.
The critical currents of these mini junctions can be ob-

tained in the resistively and capacitively shunted junction
(RCSJ) model described by( ℏ

2e

)2

Cij
d2ϕij

dt2
+

( ℏ
2e

)2 1

RN,ij

dϕij

dt
= −dUij

dϕij
(6a)

Uij = −Jij cos (ϕij)−
ℏ
2e

Iijϕij (6b)

in which the phase difference across the junction (ϕij =
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ϕL,ij−ϕR,ij) is treated as a particle moving in the poten-
tial energy of Uij . Cij and RN,ij are the capacitance and
normal-state resistance of the mini junction, respectively.
Jij = (ℏ/2e)Ic0,ij is the Josephson coupling energy where
Ic0,ij is the critical current of the mini junction and Iij
denotes the total current flowing through the mini junc-
tion.

The critical current of the whole junction cannot be
obtained by adding up the critical currents of all mini
junctions as phases of these junctions are correlated in a
complicated shorting process – mini junctions with larger
critical critical current will short mini junctions with the
smaller critical currents. However, it is reasonable to
pursue ensemble averaging of the randomly distributed
local Josephson coupling. Following insights provided by
previous studies[13, 52–54], it appears that the physics
of such a system can be captured by a second-order term
in the potential energy for the ensemble averaged phase
difference with the RCSJ model described by( ℏ

2e

)2

C
d2ϕ

dt2
+
( ℏ
2e

)2 1

RN

dϕ

dt
= −dU

dϕ
(7a)

U = −J cos (ϕ) + J2 cos (2ϕ)−
ℏ
2e

Iϕ (7b)

where C and RN are the capacitance and normal state re-
sistance of the whole junction, respectively. The value of
the capacitance of the junction, C, can be estimated from
the area and the dielectric constants and thicknesses of
Al2O3 and HZO and RN is an experimentally measured
parameter. ϕ = ϕL−ϕR is the difference of the ensemble
averaged phase. In the potential energy U , J > 0 is the
average Josephson coupling energy (assuming that the
positive Josephson coupling dominates), J2 > 0 is the
coefficient of the second-order term, and I is the total
current flowing through the junction. This second-order
term leads to double minima in the tilted washboard po-
tential for the ensemble-averaged phase difference.

Assuming that the training current sets the initial con-
ditions for Eq. 7 as shown schematically in Fig. 5 (a, b,
d, e), the equation can be solved numerically to obtained
the I-V curves. For example, to model the I-V curve
obtained on SampleA at 2K (Fig. 3 (a, b)), which fea-
tures junction parameters of RN = 4.4Ω, C = 82pF,
and J = 176.6meV (∼ 205

√
∆Nb∆TiN), taking J2 =

195.6meV (∼ 227
√
∆Nb∆TiN) will yield I-V curves rea-

sonably close to those obtained experimentally (Fig. 5 (c,
f)). The substantially large J value indicates that posi-
tive local Josephson coupling dominates, as expected.

The exact role played by the training is not under-
stood. It is unlikely that the training current, which
generates an electric field on the order of 105 V/cm, can
displace the localized states in the barrier if the states
are generated by, for example, oxygen deficiencies. How-
ever, applying such a field can generate bound charge at
the Al2O3/Hf0.8Zr0.2O2 interface with its sign and den-
sity determined by the applied field [55]. Even after the

training current is switched off, the presence of the bound
charge may persist because of the low mobility of bound
charge expected at low temperatures. The bound charge
that is away from the mobile carriers in the supercon-
ducting electrodes will not be screened and may affect
the occupation number of the localized states, thereby
redistributing the singly occupied ones facilitating the
negative Josephson coupling. The diode efficiency is then
determined by J and J2, which are sample dependent
quantities that can possess values capable of producing
the JD effect in the absence of electrical training.

VII. CONCLUSION AND DISCUSSION

In conclusion, we fabricated and measured JTJs
of TiN/Al2O3/Hf0.8Zr0.2O2/Nb prepared by CMOS-
compatible techniques. The high quality of the junctions
is demonstrated by the gap features observed in quasipar-
ticle tunneling, the magnitude of the Josephson coupling
(in comparison with the A-B limit), and by their response
to magnetic fields. The JD effect was observed in these
JTJs in zero magnetic fields with a large diode efficiency
not seen previously. Importantly, the polarity of the JD
effect is controlled simply by an electric training current.

The JD effect is attributed to the coexistence of posi-
tive and negative local Josephson couplings, with the lat-
ter resulting from indirect tunneling. Negative Josephson
coupling was also invoked in the observation of JD effect
on twisted high-Tc 2D crystals [13, 33], attributing it
to the d-wave pairing. The JD effect in those systems
was tunable, but required a more complex scheme than
that employed in this work. Interestingly, sources be-
yond the d-wave pairing are required to justify the size of
the second-order term in the washboard potential energy
used in that study[53, 54]. Whether indirect tunneling is
relevant in that system has not been explored.

The demonstration of the JD prepared by CMOS-
compatible ALD processes should inspire further work
on technological fronts, especially in terms of achieving
true ferroelectric JTJs. Even with the JTJ featuring a
composite tunnel barrier used in the current work, fun-
damental questions are raised on this model system de-
scribed by Eq. 5, in particular, whether other novel phys-
ical phenomena in addition to the JD effect will emerge.
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