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Josephson junctions are essential devices in superconducting electronics and quantum computing hardware.
Here we predict electrical control of the supercurrent in composite superconductor-insulator-ferroelectric-
insulator-superconductor (S-I-FE-I-S) Josephson junctions. Inversion symmetry broken by unequal dielectric
barrier thicknesses and/or potentials converts ferroelectric polarization reversal into a substantial change of the
critical current. Using a WKB approximation, we model the nonvolatile switching of the critical current with
on-off efficiency that is tunable by thicknesses and potential barriers of the insulating layers, as well as the
thickness and dielectric constant of the ferroelectric layer. We also derive a compact linear expression for the
critical current valid for small polarizations. Our results identify ferroelectric Josephson junctions as electrically
programmable superconducting current switches for cryogenic memory and logic applications.

DOI: 10.1103/nvbk-27dx

I. INTRODUCTION

The Josephson effect, where a supercurrent flows through
a junction formed by two superconductors separated by a
weak link [1–3], is a cornerstone phenomenon in condensed
matter physics. It underpins a wide range of applications, in-
cluding superconducting qubits [4–8], SQUID sensors [9–11],
and superconducting single-photon detectors [12–14]. The
incorporation of diverse quantum materials (QMs), including
semiconducting nanowires [15–18], ferromagnets [19–28],
and topological materials [29–34], has further expanded the
functionality of Josephson junctions (JJs). The three-terminal
Josephson field effect transistor (JoFET) is a promising
cryogenic logic device based on the electric control of the
supercurrent [35–41].

Ferroelectric materials, characterized by their spontaneous
and switchable electric dipolar order, have been widely
utilized in applications ranging from memory devices to sen-
sors [42–50]. However, their integration as weak links in
Josephson junctions remains underexplored, and the interplay
between ferroelectric polarization and superconductivity has
not yet been fully understood. A notable feature of ferroelec-
tric materials is the giant tunneling electroresistance (TER)
observed in ferroelectric tunnel junctions (FTJs), in which
a nanometer-thick ferroelectric layer acts as the tunneling
barrier between metallic electrodes [51–54]. Due to the re-
sistive switching upon polarization reversal and the gradual
tunability of the resistance, FTJs have been considered as can-
didates for nonvolatile memory and neuromorphic computing
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architectures [55–59]. This implies that ferroelectric Joseph-
son junctions could exhibit unique properties with potential
applications in cryogenic memory and computation [60].

Recently, directional supercurrent rectification—the super-
conducting diode effect—has attracted considerable attention
[61–65]. This effect typically relies on broken inversion and
time-reversal symmetries, often via magnetic textures or fields
[64–66]. However, for scalable and power-saving device ap-
plications, local electrical control is highly desirable. Here, we
propose an all-electrical route to strongly modulate (switch)
the critical current via electric polarization, which offers an
alternative for controllable superconducting devices without
invoking magnetism. The modulation of supercurrent by a
nonvolatile ferroelectric polarization causes the memory [67]
and diode effects [68] in ferroelectric Josephson junctions.

We analyze a composite S-I-FE-I-S junction in which a fer-
roelectric layer is sandwiched between two (para/dielectric)
insulating layers with independently tunable thicknesses and
potential barrier heights. The reversal of a perpendicu-
lar electrical polarization shifts the electrostatic potential
profiles. With broken inversion symmetry of the stacking,
the normal state conductance, and thus the critical cur-
rent, differ for different polarization directions. We find a
polarization-controlled on-off efficiency that can approach 0.9
for physically realistic parameters and identify trade offs with
absolute current magnitude. We also derive a compact linear
formula for the polarization dependence of the critical current
valid at small polarization, offering rapid estimates for device
modeling and design.

The manuscript is organized as follows: In Sec. II, we
present our tunneling model of the composite ferroelectric
Josephson junction. In Sec. III, we discuss the polarization
dependence of the critical current as well as how the on-off
efficiency can be tuned by adjusting the system parameters.
In Sec. IV, we present analytical expressions of the critical
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FIG. 1. S-I-FE-I-S composite ferroelectric junction. Top: Ge-
ometry and electrostatic potential U es for opposite polarization
directions (blue vs red). Bottom: An asymmetric potential barrier
profile U b in the dielectric state.

current in the limit of small polarization. Finally, in Sec. V,
we summarize our findings and present an outlook.

II. S-I-FE-I-S MODEL

We consider a composite superconductor-insulator-
ferroelectric-insulator-superconductor (S-I1-FE-I2-S)
junction (Fig. 1) with broken inversion symmetry as a
minimal model. The nonferroelectric electrically insulating
layers, I1 and I2, form potential barriers with heights U b

1
and U b

2 and thicknesses l1 and l2. We assume here that
the superconductors (S) on both sides are the same. The
ferroelectric (FE) is an electrical insulator with thickness d
that forms a potential barrier U b

f in its dielectric state (see
bottom panel of Fig. 1). Its polarization P is uniform and
normal to the interfaces. The polarization induces equal
and opposite bound charges at the FE interfaces, which are
screened by free carriers in the metallic electrodes [51].
The resulting electrostatic potential U es is linear inside the
ferroelectric and decays exponentially in the metals over the
(Thomas-Fermi) screening length. The total potential profile
entering the tunneling problem is the sum

U (x) = U es(x) + U b(x).

We derive in the following that when inversion symmetry is
broken, reversing P changes U es, the electrical conductance,
and the critical current.

The electrostatic potential in the metallic electrodes is de-
scribed by the Thomas-Fermi screening model [51,69]:

U es(x) =
{

ε−1
0 σsδ e−|x+l1|/δ, x � −l1,

−ε−1
0 σsδ e−|x−(d+l2 )|/δ, x � d + l2,

(1)

where σs is the surface screening charge density and δ the
screening length. For normal metals, δ is the Thomas-Fermi
length δ2

T F = 2ε0EF /3e2n, and is typically below 1 nanometer
for high-density metals. Here EF is the Fermi energy and n the
electron density. In superconductors, the appropriate screen-
ing length is being debated: Whether it remains the same as
the normal-state Thomas-Fermi length or is given by the much
larger London penetration depth [70–73]. In this paper we
adopt δ = δT F for the main calculations and comment on the
consequences of larger δ at the end of Sec. III.

Inside the ferroelectric, the electric field

U es(0) − U es(d )

d
= P − σs

ε f ε0
(2)

is constant and ε f is the ferroelectric dielectric constant.
P > 0 indicates polarization pointing toward I2, and the elec-
tric fields in the insulating spacer layers follow:

U es(0) − U es(−l1)

l1
= σs

ε1ε0
,

U es(l2 + d ) − U es(d )

l2
= σs

ε2ε0
, (3)

with ε1,2 the dielectric constants of I1,2.
Solving Eqs. (1)–(3) yields

σs = βP, (4)

U es(0) = 1

ε0

(
δ + l1

ε1

)
βP, (5)

U es(d ) = 1

ε0

(
δ + l2

ε2

)
βP, (6)

with the form factor

β = d/ε f

d/ε f + l1/ε1 + l2/ε2 + 2δ
. (7)

Reversing the polarization changes the sign of P, and thus
of U es(x) (Fig. 1). For thin barriers with large dielectric con-
stant such that l1/ε1, l2/ε2 � δ, Eqs. (4)–(6) simplify to

σs = d/ε f

d/ε f + 2δ
P, (8)

U es(0) = −U es(d ) = d/ε f

d/ε f + 2δ

δ

ε0
P ≡ �p. (9)

In this limit U es is constant across I1,2. In the following, for
simplicity we focus on this experimentally relevant regime.

III. POLARIZATION-CONTROLLED CRITICAL
CURRENT AND TUNABLE ON-OFF EFFICIENCY

The supercurrent Is = Ic sin φ depends on the phase differ-
ence φ across the Josephson junction. At zero temperature,
the critical current density Jc = Ic/A of a short tunnel junction
with area A reads [3,74]

Jc = π�0

2e

GN

A
, (10)

where �0 is the superconducting gap and GN =
(2e2/h)

∑
n Tn is the normal-state conductance expressed

as a sum over spin-degenerate transmission eigenvalues Tn.
Equation (10) holds for junctions with a weak link shorter
than the superconducting coherence length, which is the case
for our nanometer-thin barriers.

The Landauer formula for the conductance reads in the
free-electron approximation,

GN

A
= 2e2

h

∫ kF

0

k|| dk||
2π

T (E , k||), (11)

where k|| =
√

k2
y + k2

z , and kF is the Fermi wave vector. Nu-

merical calculations of the transmission T (E , k||) through the
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composite barrier for high density metals suffer from rapid
oscillations that average out to a large extent in the integral.
These oscillation are suppressed in the Wentzel-Kramers-
Brillouin (WKB) approximation [75],

T (E , k||)

≈ exp

⎡
⎢⎣−2

∫ d+l2

−l1

√
2m

(
EF + U − (

E − h̄2k2
||

2m

))
h̄

dx

⎤
⎥⎦,

(12)

that holds for sufficiently large potential barriers for which the
square root is real.

The total potential U (x) depends on the electric polar-
ization P, and so does Jc. Two figures of merit are the
(dimensionless) on-off efficiency

η(P) = |Jc(+P) − Jc(−P)|
Jc(+P) + Jc(−P)

� 1, (13)

that measures the relative change of Jc upon polarization re-
versal, and the polarization-averaged critical current density,

J̄c(P) = Jc(+P) + Jc(−P)

2
. (14)

Unless stated otherwise, we use the following material pa-
rameters: superconducting gap �0 = 2 meV (reasonable for
elemental s-wave superconductors such as Nb and Pb [76]);
Fermi energy EF = 5 eV (Nb [77]); transmission energy at
E = EF ; Thomas-Fermi screening length in high density met-
als δ = 0.1 nm [78]; ferroelectric thickness d = 2 nm; and
ferroelectric intrinsic barrier U b

f = 0.1 eV [79]. The ferro-
electric dielectric constant is considered highly material and
temperature dependent, thus we take a moderate value of
ε f = 100 [80], representative for ferroelectric perovskites and
comment on the consequences of smaller and larger values at
the end of this section.

Figure 2 shows four representative geometries of the po-
tential profiles. The corresponding J̄c(P) and η(P) are plotted
in Fig. 3. In the symmetric junction [Fig. 2(a)], inversion
symmetry guarantees Jc(+P) = Jc(−P) and thus η = 0. In-
troducing asymmetric potential barriers [Fig. 2(b)] lowers J̄c

and monotonically raises η with |P|. Different thicknesses but
equal potential barriers [Fig. 2(c)] lead to the same conclusion.
Combining thickness and barrier asymmetries [Fig. 2(d)] en-
hances the efficiency up to η ≈ 0.9 for P = 8 µC/cm2, but at
the cost of a small critical current density of a few nA/µm2.

We assess the tunability for fixed |P| = 5 µC/cm2 and dif-
ferent structural parameters. Figures 4(a) and 4(b) show that
the efficiency improves with both thickness and barrier asym-
metry. Varying both simultaneously [Fig. 4(c)] can cancel the
modulation efficiency for some parameter combinations: the
line cuts in Fig. 4(d) emphasize that for l1 �= l2 the efficiency
goes to zero. On the other hand, η is maximized when the
thinner (thicker) insulating layer has a larger (smaller) poten-
tial barrier, respectively.

Figure 5(a) illustrates that the efficiency increases with
ferroelectric thickness d and decreases with dielectric con-
stant ε f , consistent with an electrostatic potential change that
scales like �p ∝ 1/(ε f /d + const.) [Eq. (9)]. Thicker ferro-
electric layers enhance the internal potential drop and hence

FIG. 2. Potential profiles. Ferroelectric (yellow) and dielectric
(blue) layers. Blue (solid) and red (dashed) curves: total potentials
for opposite polarization directions (arrows). (a) Symmetric junc-
tion: l1 = l2 = 0.5 nm, U b

1 = U b
2 = 0.15 eV. (b) Barrier asymmetric:

l1 = l2 = 0.5 nm, U b
1 = 0.15 eV, U b

2 = 0.4 eV. (c) Thickness asym-
metric: U b

1 = U b
2 = 0.15 eV, l1 = 1.5 nm, l2 = 0.5 nm. (d) Strongly

asymmetric: l1 = 1.5 nm, l2 = 0.5 nm, U b
1 = 0.15 eV, U b

2 = 0.4 eV.

the contrast between ±P, but large total barrier thickness
also suppresses the modulus of the critical current. A smaller
dielectric constant increases the efficiency, but also implies a
smaller |Jc|. Figure 5(b) examines the role of the screening
length δ. By rewriting Eq. (9) as

�p = 1/ε0

2ε f /d + 1/δ
P, (15)

we see that for large ε f , as in many ferroelectric perovskites,
the ferroelectric contribution dominates the electrostatic po-
tential and η is largely insensitive to δ. For materials
with smaller ε f (for example CuInP2S6 [81–83] or HfO2

[50,84,85]), the ferroelectric control of the potential is weaker
and η tends to benefit from a larger screening length [Eq. (9)],
although this dependence is modest in realistic regimes (δ �
0.1 nm). A comprehensive optimization of η and Jc across
realistic layer structures, susceptibilities, and material polar-
izations is beyond the scope of this work.

FIG. 3. Polarization dependence. (a) Averaged critical current
density J̄c and (b) on-off efficiency η vs polarization P. Solid black:
symmetric junction of Fig. 2(a). Dotted blue: barrier asymmetry
[Fig. 2(b)]. Dashed red: thickness asymmetry [Fig. 2(c)]. Dash-dot
yellow: combined strong asymmetry [Fig. 2(d)].
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FIG. 4. Tunable on-off efficiency at fixed |P| = 5 µC/cm2. (a)
η vs l1, l2 for U b

1 = U b
2 = 0.15 eV. (b) η vs U b

1 ,U b
2 for l1 = l2 =

1.0 nm. (c) η vs thickness difference l2 − l1 and barrier difference
U b

2 − U b
1 at fixed l1 + l2 = 2 nm and U b

1 + U b
2 = 1 eV. (d) Line cuts

of (c): η vs l2 − l1 for U b
2 − U b

1 = 0 (solid black), +0.6 eV (dotted
blue), and −0.6 eV (dashed red).

IV. LINEAR APPROXIMATION OF CRITICAL CURRENT

Here we study a small-parameter expansion of the
polarization-dependent critical current starting from Eqs. (11)
and (12).

The integral in Eq. (12) can be separated into contributions
from the three layers:

T (k||) ≈ e−2(γ1+γ2+γ f ), (16)

where

γ1 = l1

√
2mU1

h̄2 + k2
||, (17)

γ2 = l2

√
2mU2

h̄2 + k2
||, (18)

FIG. 5. Dependence on ferroelectric thickness, dielectric con-
stant, and screening length. (a) η vs ferroelectric thickness d for a
strongly asymmetric junction in Fig. 2(d) and dielectric constants
ε f = 800 (solid black), 400 (dotted blue), 200 (dashed red), and
100 (dash dot yellow). The screening length δ = 0.1 nm. (b) η vs
screening length δ and ε f for d = 2 nm.

γ f = 2

3

dh̄2

2m[Uf (d ) − Uf (0)]

×
{[

2mUf (d )

h̄2 + k2
||

] 3
2

−
[

2mUf (0)

h̄2 + k2
||

] 3
2

}
, (19)

are the WKB exponents for the two insulating layers and
the ferroelectric layer, respectively. U1 = U b

1 + �p and U2 =
U b

2 − �p are the total potential barriers of the insulating
layers, while Uf (0) = U b

f + �p and Uf (d ) = U b
f − �p are

those at their interfaces to the ferroelectric and �p is the
polarization-induced electrostatic offset in Eq. (9).

For sufficiently small k|| or high barriers k2
|| � 2mU/h̄2, we

may expand the square roots to obtain

γ1 ≈ l1
√

2mU1

h̄
+ 1

2

l1h̄√
2mU1

k2
||, (20)

γ2 ≈ l2
√

2mU2

h̄
+ 1

2

l2h̄√
2mU2

k2
||, (21)

γ f ≈ 2

3

d
√

2m[Uf (0)3/2 − Uf (d )3/2]

h̄[Uf (0) − Uf (d )]

+ dh̄[
√

Uf (0) − √
Uf (d )]√

2m[Uf (0) − Uf (d )]
k2
||. (22)

When additionally �p/U b � 1, the transmission takes the
form

T (k||,�p) = e−(Ap+Bpk2
|| ), (23)

where Ap and Bp are polarization-dependent coefficients:

Ap = 2

√
2m

h̄

[
l1

√
U b

1 + l2
√

U b
2 + d

√
U b

f

− 1

2

(
l2√
U b

2

− l1√
U b

1

)
�p

]
, (24)

Bp = h̄√
2m

{
l1√
U b

1

+ l2√
U b

2

+ d√
U b

f

(25)

+ 1

2

[
l2

(U b
2 )

3
2

− l1

(U b
1 )

3
2

]
�p

}
. (26)

In this limit the Landauer integral Eq. (11) can be evalu-
ated analytically when kF is much larger than the scale over
which the Gaussian-like integrand k||e−(Ap+Bpk2

|| ) vanishes. We
introduce a cutoff kc ≡ 1/

√
Bp, for which the small k|| approx-

imation holds. The critical current density then simplifies to

Jc = e�0

2h

e−Ap

2Bp

[
1 − e−Bpk2

c
]

≈ e�0

2h

e−Ap

2Bp
. (27)

To first order in �p ∼ P we get

Jc(P) = e�0

4h
κ (1 + θP), (28)
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FIG. 6. Linear approximation of the polarization dependence of
the critical current density. Critical current density Jc vs polarization
P. (a)–(d) correspond to the junctions in Figs. 2(a)–2(d). Solid:
numerical results; dashed: analytical approximation.

and

η(P) = |θP|, (29)

where κ and θ are device-dependent coefficients:

κ =
exp

{ − 2
√

2m
h̄

(
l1

√
U b

1 + l2
√

U b
2 + d

√
U b

f

)}
h̄√
2m

(
l1/

√
U b

1 + l2/
√

U b
2 + d/

√
U b

f

) , (30)

θ = dδ/ε0

d + 2δε f

[
l1/

(
U b

1

)3/2 − l2/
(
U b

2

)3/2

l1/
√

U b
1 + l2/

√
U b

2 + d/
√

U b
f

−
√

2m

h̄

(
l1

U b
1

− l2
U b

2

)]
. (31)

Figure 6 compares the numerical and analytical results of
the critical current density. The linear approximation captures
both magnitude and trend for small |P|. The slight offset
at P = 0 arises from the small-k|| assumption in the WKB
integral and the approximation taken in the second step of
Eq. (27). The compact formulas in Eqs. (28) and (29) thus
provide rapid estimates of polarization control in ferroelectric
Josephson junctions.

V. CONCLUSIONS

We analyzed the behavior of a composite S-I1-FE-I2-S
Josephson junction. When breaking inversion symmetry by
different thicknesses and/or heights of the potential barriers
that separate the ferroelectric from the superconductor, a fer-
roelectric polarization reversal strongly modulates the critical
current. In a WKB approximation we compute an electri-
cally controlled on-off efficiency up to η 	 0.9 for physically
realistic parameters. The efficiency η can be maximized by
thicknesses and potential barrier heights that are larger and
lower on one side than on the other, in thicker ferroelectric
films with large polarization, but small dielectric constant. We
derive a compact formula in the limit of small P for quick
estimates and interpreting numerical results. We conclude
that ferroelectric Josephson junctions are interesting candi-
dates for electrically programmable superconducting current
switches in cryogenic memories and logic circuits.
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