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From nonreciprocal to charge-4e supercurrent in Ge-based Josephson devices
with tunable harmonic content
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Hybrid superconductor(S)-semiconductor(Sm) devices bring a range of functionalities into superconducting
circuits. In particular, hybrid parity-protected qubits and Josephson diodes were recently proposed and ex-
perimentally demonstrated. Such devices leverage the nonsinusoidal character of the Josephson current-phase
relation (CPR) in highly transparent S-Sm-S junctions. Here, we report an experimental study of supercon-
ducting quantum-interference devices (SQUIDs) embedding Josephson field-effect transistors fabricated from
a SiGe/Ge/SiGe heterostructure grown on a 200-mm silicon wafer. The single-junction CPR shows up to
three harmonics with gate-tunable amplitude. In the presence of microwave irradiation, the ratio of the first
two dominant harmonics, corresponding to single and double Cooper-pair transport processes, is consistently
reflected in relative weight of integer and half-integer Shapiro steps. A combination of magnetic-flux and
gate-voltage control enables tuning the SQUID functionality from a nonreciprocal Josephson-diode regime
with 27% asymmetry to a w-periodic Josephson regime suitable for the implementation of parity-protected
superconducting qubits. These results illustrate the potential of Ge-based hybrid devices as versatile and scalable
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building blocks of superconducting quantum circuits.
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I. INTRODUCTION

The recent years have seen a revival of interest toward
superconductor(S)-semiconductor(Sm) devices. These hybrid
systems leverage, on the one hand, the macroscopic quantum
coherence coming from superconductivity and, on the other
hand, the field-effect charge control enabled by semiconduc-
tor materials. A typical example is the Josephson field-effect
transistor (JoFET), a three-terminal device consisting of two
superconducting contacts connected by a gate-tunable semi-
conducting channel. Owing to the superconducting proximity
effect, a dissipationless supercurrent can flow through the
normal-type semiconductor channel, with a maximal value,
the so-called critical current, that depends on the applied gate
voltage. A variety of JOFETs have been realized using differ-
ent semiconductor materials. Some of these JOFETs were used
to realize gate-tunable superconducting qubits often called
gatemons [ 1-5] and parametric amplifiers [6—13].
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In a JoFET, high-transparency S-Sm contacts enable the
phase coherent transfer of m Cooper pairs at a time, resulting
in the emergence of sin(m¢) components in the current phase
relation (CPR) where ¢ is the phase difference between the
two superconductors [14]. The gate permits to fine tune the
critical current amplitude as well as the CPR harmonic com-
position [15].

In the context of superconducting qubits, the ability to
tailor the CPR provides a means to engineer the support of
the wave functions encoding the qubit. This idea has led
to parity-protected qubits leveraging supercurrents carried
by correlated pairs of Cooper pairs in sin(2¢) Josephson
elements [16—19]. Along the same line, sin(2¢) Josephson
elements for parity protection were recently obtained using
S-Sm-S junctions with either an InAs [20,21] or, as in this
work, a Ge channel [22]

Here, we investigate the CPR of a Ge-based Josephson
junction using an asymmetric superconducting quantum-
interference device (SQUID) featuring a wide and a narrow
JoFET [23]. The CPR Fourier transform exhibits gate-
tunable higher harmonics, revealing charge-2e, charge-4e, and
charge-6e dissipationless transport. Notably, we observe the
possibility of suppressing the higher harmonics by polarizing
the JOFET near pinch-off. Subsequently, by investigating the
response to microwave excitation, we observe half-integer
Shapiro steps corroborating the existence of charge-4e super-
currents.

Published by the American Physical Society
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It was recently proposed [24,25] that nonsinusoidal CPR in
nearly symmetric SQUIDs can lead to asymmetric transport
characteristics. This behavior, commonly known as supercon-
ducting diode effect (SDE), requires time-reversal symmetry
broken by a magnetic flux and is highly tunable, unlike pre-
viously reported realizations based on inversion symmetry
breaking [26-30] or spin-orbit interaction in the presence of
a magnetic field [31-37]. The diode efficiency vanishes when
the SQUID operates in a perfectly symmetric regime, i.e.,
when the two junctions have the same CPR, or when the
SQUID is flux-biased at half the flux quantum. By harnessing
the SDE within a SQUID made of two similar JOFETs (we
observe diode efficiency up to 27%), we identify its regime
of critical current balance. In this configuration, Shapiro
step measurements at half-flux quantum bias evidence a pro-
nounced reduction in the odd harmonics due to destructive
interference within the SQUID.

This realization yields a device primarily governed by a
charge-4e supercurrent, effectively creating a sin(2¢) Joseph-
son element, thus opening the way to the development of
Ge-based parity-protected qubits.

II. DEVICE AND MATERIAL PROPERTIES

The initial heterostructure consists of a 2.5-um-thick
Sig21Geg79 virtual substrate grown on a 200-mm Si(001)
wafer. To reach this high Ge content, the Ge concentration
is linearly increased from O up to 79% at a rate of 10%/um.
A strained 16-nm-thick Ge quantum well is grown on top
of the polished virtual substrate and covered by a 22-nm-
thick Sip,1Geg79 layer and a 2-nm-thick Si cap layer. In
the accumulation regime the hole mobility w; measured in
60 x 600 um?> Hall bars reaches 1 x 103cm?>V~!'s~! and a
corresponding elastic mean free path of /, ~ 1.5 um [38].

The fabrication of the Ge JoFETsS starts with the etching
of a long mesa (typically 5 um) with various widths ranging
from 1um to 10 um. In a second step, the superconducting
contacts are defined by locally etching the Si cap layer and the
SiGe top layer, followed by the ex situ deposition and lift-off
of a 50-nm-thick Al layer in contact with the Ge quantum
well. The aluminium contact has a typical critical temperature
of 1.54 K. Both etching steps are done using a dry reactive
ion etching process with fluoride and argon-based plasma. An
AlQ, oxide is then deposited everywhere using atomic layer
deposition (ALD). To finish the process, a Ti/Au top gate
covers the Ge central channel and slightly overlaps the Al
contacts [Fig. 1(a)]. See Supplemental Material S-I [59] for
more details on the characterization of the devices.

The asymmetric SQUID consists of two Al-Ge-Al JoFETs
placed in an Al loop [Fig. 1(b)]. The narrow junction J, has
a width of 1 um, while the wide junction Jy, is 8 ym wide.
Both junctions are 300 nm long. In the following experiments,
the devices are cooled down to a base temperature of 35 mK.
To measure the electrical behavior of J, (J,) independently,
we apply a large gate voltage on Jy, (J,) (typically +4 V) to
suppress the conductance on the respective arm of the SQUID.
Both junctions can be fully proximitized and show a nondis-
sipative current up to a certain switching current (identified
as the critical current) that is gate tunable. At full accumu-
lation (Vg = —2V), the critical currents are I = 158 nA and
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FIG. 1. JoFETs placed in a SQUID. (a) Cross-section sketch of a
JoFET where the Ge quantum well is contacted by two superconduct-
ing aluminium leads. The Ti/Au top gate allows to modify the hole
carrier density in the channel. (b) False color scanning electron mi-
croscopy (SEM) image of the SQUID with a wide (left) and a narrow
(right) junction placed in an aluminium loop (green). Electrostatic
gates are shown in yellow. The scale bar is 10 um. (c¢) Critical current
of the two junctions normalized to their values at Vg = —2 V.

IY = 2.39 uA with very remarkable similar gate dependency
[Fig. 1(c)]. The IcRy product of both junctions are of the order
of 100 peV and very close to the state of the art [39—43].

The symmetric SQUID device used to study the SDE is
composed of two nearly identical junctions with W = 4 um
and L = 300 nm and shows similar tunable critical current at
low temperature.

III. CURRENT-PHASE RELATION
OF A SINGLE GE/Al JoFET

The loop dimensions of the asymmetric SQUID used
for CPR measurements have been chosen large enough to
avoid Fraunhofer reduction in the flux range of interest (see
Supplemental Material S-III [59]). The width of the loop arms
is 10 um and the associated self-inductance is estimated to be
102 pH. Its contribution to the measurement is negligible and
discussed in Supplemental Material S-1I [59].

The total supercurrent Isquip flowing through the SQUID
is the sum of the current flowing through each junction and
thus includes the two current phase relations Iy (¢y) and
I,(¢y). Since one junction is much wider than the other, its
critical current /¥ is also much larger than that of the narrow
junction I (I¥ /I = 15). Thus, the maximum supercurrent
through the SQUID is reached at ¢, ~ 7 /2 i.e. when the max-
imum current through J,, is reached. Taking into account the
fluxoid relationship that relates the superconducting phases
to the applied magnetic flux, the total critical current flux
dependency of the SQUID can be written as

1B = 1 (0 /2) + I /2 + 27 Bt /Do) (1)
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FIG. 2. Gate modulation of the CPR harmonic content. (a) /. modulations (shifted for clarity) of the asymmetric SQUID as a function
of the flux for various V§ [each line corresponds to one point in (c), (d), and (e)] from full accumulation (Vj = —2 V) to near threshold
(V& = 1.48 V) with a fixed gate voltage applied to the wide junction (V¥ = —2 V). (b) Fast Fourier transform (FFT) (normalized to the first
harmonic amplitude) of Ic(¢) at V§ = —2 V and, in the insets, for the same V; range as in (a) (shifted for clarity). The three first harmonics
are clearly visible and higher harmonics disappear faster when V2 gets close to the threshold voltage. (c) Amplitude of the first three harmonics
Ay, Ay, and A3 (in log scale) versus the gate voltage V. All of them tend to decrease with gate voltage since the overall flux modulation of /¢
decreases. (d) and (e) Ratio between the second and third, respectively, and the first harmonic amplitudes. The ratios decreasing highlights the

disappearance of higher harmonics before the first one and thus a transition from a multi harmonics CPR toward a more sinusoidal one.

where @y, is the magnetic flux threading the loop and &y =
h/2e the superconducting flux quantum.

One can clearly see that measuring the critical current of
the whole SQUID IEQUID versus the applied flux @4 allows
to probe the current phase relation of the narrow junction J,
[23] (see Supplemental Material S-III [59] for details on the
measurement protocol).

For this experiment, the wide junction J, is kept in the full
accumulation regime (V¥ = —2 V). As expected, oscillations
of the SQUID critical current are observed, as well as a back-
ground curvature associated with the Fraunhofer effect on the
wide junction (see Supplemental Material S-III [59]). The flux
modulation Io(®.y), studied for different values of the gate
voltage V5 and shown in Fig. 2(a) after numerically removing
the background, is a direct measurement of the CPR of the
narrow junction.

One can already notice that Io(®Pey) is skewed in the
highly accumulated regime, suggesting the presence of higher
harmonics. In order to better evidence the skewness and to
quantify the various components of the CPR, we applied a
Fourier transform to these data over 25 periods [Fig. 2(b)].

The spectral decomposition at full accumulation (Vg =
—2 V) is shown in Fig. 2(b). The result shows a clear con-
tribution from the first and second harmonics, and also from
the third harmonic but with less pronounced evidence. This
confirms that the CPR is not purely sinusoidal. The insets of
Fig. 2(b) show the gate dependence of the three harmonics.
The first harmonic survives up to the largest gate voltages
applied (V2 = 1.48 V), while the second and third harmonics
vanish at a lower gate voltage.

The amplitude of the three first harmonics are extracted by
taking the height of each peak in the Fourier decomposition.
A, is the weight of the nth harmonic and is plotted as a
function of V{5 in Fig. 2(c). When V3 approaches the threshold

voltage (V;;, = 1.5 V), we observe a reduction of all harmonic
amplitudes consistent with the reduction of the critical cur-
rent. The ratio between A; (A3) and A; shown in Fig. 2(d)
[Fig. 2(e)] goes up to 0.13 (0.03). Interestingly, the gate de-
pendence reveals the faster disappearance of higher harmonics
compared to the main one. As mentioned above, higher har-
monics in the CPR are intrinsic to the proximitized Josephson
junctions. We have checked (see Supplemental Material S-V
[59]) that multiple harmonics cannot originate from arm in-
ductances as is the case with S-I-S junctions. The faster disap-
pearance of the higher harmonics reveals a change in the CPR
as the proximitized Ge region gets depleted from carriers.

The overall decrease of the nondissipative current is consis-
tent with the reduction of the number of conducting channels
and of their mean transparency when the gate voltage ap-
proaches the threshold (see Supplemental Material S-1 [59]).
Together, the Fermi velocity decreases and so is the proximity
effect (through the reduction of penetration of Andreev pairs
in the Ge channel). All these effects contribute to modify
the harmonic’s content of the CPR as a function of the gate
voltage [14,44].

IV. SHAPIRO STEPS IN A SINGLE GE/AL JoFET

In the previous section, we have shown the results of the
direct measurement of the CPR of the narrow junction. Thanks
to the high gate control of our Ge-based JoFET, the wide
junction of the exact same SQUID device can be tuned in the
very depleted regime at V¥ = 4 V where the conductance is
zero. The device is now only composed of the narrow junction
for which the CPR is known.

In the following, we focus on the ac Josephson effect of
the narrow junction, which should highlight the presence of
higher harmonics in the CPR. Under microwave irradiation
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FIG. 3. Integer and half-integer Shapiro steps. (a) dc voltage
normalized to the expected Shapiro step positions (blue line) and 0.2
differential resistance (red line) as function of the bias current Iy
under radio-frequency irradiation at f = 3.05 GHz with a power Joo =
Pt = —12 dBm [see the dashed red line in (b)]. The dashed gray ’
lines are guides to the eye for the first half-integer and integer steps.
(b) Differential resistance as a function of the bias current ;. as well —0.2

as the microwave power Py. Integer (wide dark lines) and half-integer
(narrow dark lines) follow the Bessel like oscillations as a function
of the rf power.

at frequency f, the current-voltage characteristic shows steps
at some specific voltages V = nhf/2e, where h is the Plank
constant, e the elementary charge, and n =0, 1,2,... are
called Shapiro steps [45]. If the CPR of the Josephson junction
contains a second harmonic, half-integer Shapiro steps also
appear (n = 1/2,3/2, ...) indicating the coherent transport of
pairs of Cooper pairs through the junction (i.e., a charge-4e
supercurrent) [46,47].

Figure 3(a) shows the differential resistance measurement
(red line) and the measured dc voltage (blue line) as a function
of the current bias under a radio-frequency irradiation at f =
3.05 GHz and with a fixed microwave power Py = —12 dBm.
We identify clear dips in the differential resistance that cor-
respond to integer and half-integer Shapiro steps (highlighted
by dashed gray lines).

Figure 3(b) shows the differential resistance as a function
of the microwave drive power Py and the dc bias Ij.. Dark
regions correspond to dips in the differential resistance and are
associated with Shapiro steps. The widths of these steps fol-
low the usual Bessel-like behavior [48]. The clear observation
of half-integer steps is perfectly consistent with previously
measured harmonic content of the CPR.

By applying more positive gate voltages (Vg near thresh-
old), one would expect half-integer steps to disappear before
integer ones as the CPR becomes purely sinusoidal. The
quantitative analysis of this effect is challenging because of
the overlap of the different step signals for such rounded
steps. Shapiro patterns for different gate voltages are shown in
Supplemental Material S-IV [59].

As an intermediate conclusion, we have shown that
proximitized planar SiGe-based Josephson junctions exhibit
intrinsic non purely sinusoidal current phase relation. This
response has been probed and measured in a single junc-
tion, first in a SQUID geometry to directly measure the CPR
and under radio-frequency irradiation to reveal half-integer
Shapiro steps. This has been made possible thanks to the high
gate tunability of the SiGe JoFETs.

q)e.’rt/q)()

FIG. 4. Gate and flux dependence of the superconducting diode
effect. (a) Diode efficiency n as function of the normalized ap-
plied flux @y /Po and V! for a fixed V2 = 1.75 V. 1 vanishes at
half-flux quantum /Py = 0.5 and for the peculiar gate voltage
V) =1.825 V. (b) Diode efficiency as a function of the two gate
voltages V! and V2 for a fixed flux biasing slightly below the
half-flux quantum /Py = 0.45. The white line corresponds to
perfectly symmetric regime where the SDE disappears. (c) and (d)
Forward I" (red line) and backward I~ (blue line) critical currents
and extracted diode efficiency n as a function of the normalized
applied flux @y /P for Vi =1.75 Vand V) = 1.3 V.

V. SUPERCONDUCTING DIODE EFFECT
IN A SYMMETRIC SQUID

In a SQUID with negligible arms inductances, SDE can
still emerge if at least one of the junctions has a nonsinusoidal
CPR [22,24,49,50]. To investigate this possibility, we have
fabricated a SQUID with two nominally identical JOFETs,
J; and J, with W = 4 um and L = 300 nm. The diode effect
arises if (1) the external flux is not an integer multiple of the
half-flux quantum & = n®(/2 and (2) the two CPRs of the
two junctions are not perfectly balanced. The SDE can be
quantified through the diode efficiency

Ie —1c
L @
where I and I are the forward and backward critical cur-
rents of the SQUID.

Figure 4(a) shows the diode efficiency n as a function of the
gate voltage of J (Vé) and the normalized flux ®. /Py for
a fixed value of V2 = 1.75 V together with two 177 traces
[Figs. 4(c) and 4(d)] from which the efficiency is calculated.
As expected, the diode efficiency vanishes at half the flux
quantum and follows very well the predicted behavior [24]
with a maximum that goes up to 27%. At V) =1.825V
[Fig. 4(c)] the diode efficiency drops to zero for any flux value.
This suggests that for this combination of gate voltages the

033281-4



FROM NONRECIPROCAL TO CHARGE-4E SUPERCURRENT ...

PHYSICAL REVIEW RESEARCH 6, 033281 (2024)

SQUID is perfectly symmetric. But this gate values combina-
tion is not unique.

To find every gate configuration that perfectly balances the
SQUID, the device is flux-biased slightly below the half-flux
quantum (Pex = 0.45P() and the diode efficiency measured
as a function of VG1 and VGZ. The result [Fig. 4(b)] highlights
the existence of a line (in white) corresponding to all gate
voltage combinations where the SQUID operates in a per-
fectly balanced regime. The critical current of the SQUID
along this line is shown in Supplemental Material S-VI [59].
The fact that this line does not follow the V! = V2 diagonal
means that the two JoFETs have fairly close yet not identical
characteristics. Nevertheless, the symmetric situation can be
easily obtained thanks to the independent tunability of the
junctions.

VI. SHAPIRO STEPS IN A PERFECTLY
SYMMETRIC SQUID

In the previous section we have shown that the SDE
observed in a symmetric SQUID is consistent with the non-
sinusoidal CPR of the junctions. We have also demonstrated
that the contribution of the various harmonics strongly de-
pends on the applied magnetic flux threading the SQUID.
Moreover, as detailed before, dc Shapiro steps observed under
radio-frequency irradiation can also reveal CPR multiple har-
monics. In this section, we present the results of Shapiro steps
measured in the exact same SQUID as the one used to reveal
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FIG. 5. Half-integer Shapiro steps as a probe for sin(2¢) CPR.
(a) Computation of the first two harmonics amplitudes of a symmet-
ric SQUID CPR for a single-channel short junction model with a
transparency T = 0.7 (see Supplemental Material S-IX [59]). (b) Dif-
ferential resistance as a function of the normalized dc¢ voltage and
the applied flux normalized to ¢, for a fixed Py = —8 dBm and in
the balanced regime (V! = 1.825 V and V2 = 1.75 V). Dark lines
correspond to differential resistance dips associated to Shapiro steps.
(b), (d), and (e) Differential resistance as a function of the normalized
dc voltage and the rf excitation power at fixed applied flux @, =
0, /4, and /2 respectively.

SDE. To do so, we operate the SQUID for a fixed set of gate
voltages VG1 = 1.825 V and VG2 = 1.75 V, which correspond
to one of the symmetric regime combinations, and vary the
magnetic flux.

Figure 5(a) is the theoretical amplitudes of the first and
second harmonics as a function of the flux threading in a
symmetric SQUID (see Supplemental Material S-IX [59]).
Figure 5(b) shows the differential resistance of the SQUID as
a function of the applied external flux & and the dc voltage
Vac normalized to the expected Shapiro steps positions,
for a given microwave radiation power Py = —8 dBm and
frequency f = 7 GHz. Dark blue ridges reveal the position of
the Shapiro steps and evidence the emergence of half-integer
steps around ®/2. Figures 5(c)-5(e) show the differential
resistance as a function of the microwave radiation power
and the normalized dc voltage for three different fluxes
Doy =0, Peyy = Po/2, and Py = Py/4 corresponding to
the dashed gray lines in Fig. 5(a). At @ = Py, both integer
and half-integer steps are visible with a stronger intensity
of the integer steps and follow the Bessel-type oscillations
as a function of the power. At @ = $p/2 integer and
half-integer steps are still visible but with a relative contrast
that is weaker than for ®.,, = 0. This reduction is consistent
with the vanishing of the first harmonic at P = Py/2
but where integer steps correspond to a multiple-photons
process of half-integer steps. At . = Dy/4, however,
the contribution of the second CPR harmonic vanishes and
the half-integer steps disappear completely. Therefore, we
demonstrated the flux-tunability of the first and second
harmonics, opening the possibility to engineer a sin(2¢)
Josephson element dominated by charge-4e supercurrent.

VII. CONCLUSION

In conclusion, our work harnesses the high gate tunabil-
ity offered by SiGe-based proximitized Josephson junctions
to conduct comprehensive measurements of the CPR and
Shapiro steps within a single JoFET. The CPR clearly re-
veals gate-tunable non purely sinusoidal phase dependence,
reveling higher-order harmonics that correspond to the co-
herent transfer of both single and multiple Cooper pairs.
This observation is supported by the presence of both inte-
ger and half-integer Shapiro steps. We also revealed a gate
and flux-tunable SDE in a SQUID geometry, made possible
once again by the JoFETs high transparency and gate tun-
ability [24]. Ultimately, we demonstrated the realization of
a so-called sin(2¢) Josephson element in a SQUID biased
at half-flux quantum and finely gate-tuned to its balanced
critical current point. Our results underscore the remarkable
potential of the SiGe-based heterostructures for the realization
of parity-protected superconducting qubits without the need
for large inductance engineering as required with tunnel S-1-S
junctions [18,20,51]. Our study focused on wide junctions,
ranging from 1 to 10 wm, with critical current spanning from
a few hundred nA to a few pA. These values suggest that nar-
rower junctions, probably necessary to avoid Andreev bound
states at low energies, will still have a large enough Joseph-
son energy for the realization of suitable gatemon qubits.
Moreover, such materials are fully compatible with the Com-
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plementary Metal-Oxide-Semiconductor (CMOS) technology
and potentially large-scale integration.
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