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Parity-conserving Cooper-pair transport and
ideal superconducting diode in planar
germanium

Marco Valentini1 , Oliver Sagi1, Levon Baghumyan1, Thijs de Gijsel 1,2,
Jason Jung2, Stefano Calcaterra3, Andrea Ballabio3, Juan Aguilera Servin 1,
Kushagra Aggarwal 1,4, Marian Janik1, Thomas Adletzberger1,
Rubén Seoane Souto 5,6, Martin Leijnse7, Jeroen Danon8, Constantin Schrade9,
Erik Bakkers 2, Daniel Chrastina 3, Giovanni Isella3 & Georgios Katsaros 1

Superconductor/semiconductor hybrid devices have attracted increasing
interest in the past years. Superconducting electronics aims to complement
semiconductor technology, while hybrid architectures are at the forefront of
new ideas such as topological superconductivity and protected qubits. In this
work, we engineer the induced superconductivity in two-dimensional germa-
nium hole gas by varying the distance between the quantum well and the
aluminum. We demonstrate a hard superconducting gap and realize an elec-
trically and flux tunable superconducting diode using a superconducting
quantum interference device (SQUID). This allows to tune the current phase
relation (CPR), to a regime where single Cooper pair tunneling is suppressed,
creating a sin 2φð Þ CPR. Shapiro experiments complement this interpretation
and the microwave drive allows to create a diode with ≈ 100% efficiency. The
reported results open up the path towards integration of spin qubit devices,
microwave resonators and (protected) superconducting qubits on the same
silicon technology compatible platform.

III–V semiconductorshavebecome thematerials of choice for realizing
high-quality hybrid devices, due to the possibility of growing epitaxial
Al on top of them1. Gate-tunable superconducting and Andreev spin
qubits2–6, parametric amplifiers7, highly efficient Cooper pair
splitters8–10 and a minimal Kitaev chain11 are prominent examples of
what has been achieved in the past decade. In addition, non-reciprocal
devices, such as superconducting diodes have attracted a lot of
interest12, especially in Josephson junctions in the presence13–15 or
absence16–18 of a Zeeman field and in multiterminal devices19,20. Diodes
canbe also realized in a superconducting quantum interferencedevice

(SQUID) geometry by exploiting a magnetic flux to achieve time-
reversal breaking21–23. Such SQUIDs can be also used as a building block
to create a protected superconducting qubit by engineering a sin 2φð Þ
current phase relation (CPR)24–29.

One drawback of III–V materials is their non-zero nuclear spin,
which, through hyperfine interaction, drastically reduces the electron
spin coherence time, limiting therefore the use of hybrid devices in
combination with the spin degree of freedom5,6. Germanium, on the
other hand, is a material which allows proximity induced super-
conductivity and has shown great potential for spin qubit devices30.
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Induced superconductivity in germanium was first demonstrated in
0D and 1D systems31,32. A few years later, superconductivity was also
induced in a two-dimensional Ge hole gas33,34. Recent works demon-
strated how induced superconductivity can be improved in planar
germanium, either by using a double superconducting stack35 or by
annealing platinum contacts36. Here, using a shallow quantum well
(QW) we establish Ge/SiGe heterostructures as an alternative platform
to III–V materials for hybrid devices and microwave experiments,
opening therefore the path to the coexistence of semiconductor and
superconducting qubits.

Results
Material characterization and Josephson junctions
Compressively strained Ge QWs have been deposited on relaxed, lin-
early graded buffers with 70% Ge content. The 18 nm thick QWs are
separated from the top surface by a spacer of thickness D. The built-in
in-plane compressive strain leads to charge confinement in the heavy-
hole band (see Fig. 1a). Mobility (μh) and mean free path (lh) as a
function of the carrier density nh are displayed in Fig. 1b for a QW
with ≈ 5 nm Si0.3Ge0.7 spacer (D5 - red) and ≈ 8 nm (D8 - blue), respec-
tively. At high density, D5 (D8) shows μh ≈ 10,000 cm2/Vs (30,000 cm2/
Vs) and lh ≈ 250nm (700nm).

For creating hybrid superconductor-semiconductor devices a thin
film of aluminum ( ≈8 − 10 nm) is deposited ex situ and at low tem-
peratureon topof theSi0.3Ge0.7 spacer (seeMethods for thegrowth, the
aluminumdeposition and fabrication details). The Al has a polymorphic
structure and it is not grown epitaxially on top of the Si0.3Ge0.7 spacer.
Importantly, energy dispersive X-ray (EDX) data do not reveal inter-
diffusion of Al inside the Si0.3Ge0.7 spacer and Ge QW, see Fig. 1c.

In order to check if the superconducting properties can leak into
the Ge hole gas, Josephson field effect transistors (JoFETs) were fab-
ricated (Fig. 1d). Representative VJJ vs IJJ traces, measured in a four-
terminal current-biased configuration (Fig. 1e), for D5 [red, upper plot]
and D8 [blue, lower plot] are shown in Fig. 1f. The devices switch from
superconducting to the dissipative regime at the gate tunable
switching current Isw. A common figure of merit used for estimating
the quality of the proximity effect is the product between Isw and the
normal state resistance RN. Figure 1g reports this product as a function
of the gate voltage Vg for 6 different junctions with different dimen-
sions. At high negative values of gate voltages, IswRN spans from
slightly below 100 μeV to above 400 μeV depending on D and on the
JoFET dimensions. These values are favorably compared to previous
results obtainedwithGeheterostructures hybridizedbyAl33,34 and they
are on par with more mature material systems37.

Fig. 1 | Proximity induced superconductivity in Planar Ge. a Heavy hole (HH)
[light hole (LH)] band energy shown as a black [gray] trace along the growth
direction z simulated using NextNano. HHs are accumulated at the upper QW
interface, as shown by the pink trace representing the HH wavefunction density
plotted in arbitrary units. b Hole mobility μh [upper panel] and mean free path lh
[lower panel], extracted from Hall bar measurements, as a function of carrier
density nh for samples with Si0.3Ge0.7 spacer thickness (D) of 5nm (D5) and 8nm
(D8). c TEM image of the upper part of the Ge/SiGe heterostructure. The left inset
shows EDX data which confirm the absence of Al both in the spacer and in the Ge
QW. The scale bar corresponds to 20 nm. dCross-section sketch of a JoFET device;

the dashed rectangle corresponds to the inset in c. The gate voltage Vg is used for
varying the hole carrier density in the underlying Ge QW. e Top-view sketch of a
JoFET device with the circuit for the 4-probemeasurement. The width (W) and the
channel length (L) are indicated. f Voltage drop VJJ measured as a function of the
applied current IJJ for D5 [upper panel] and for D8 [lower panel]. Lighter colors
indicate lower values of Vg [higher carrier density] and darker colors indicate
higher values of Vg [lower carrier density]. Traces are equally spaced for both
panels. g IswRN product as a function of Vg for D5 and D8 and for Josephson
junctions with different dimensions as indicated in the inset.W is reported in units
of μm, while L is in units of nm.
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In sampleD5, theproximity effect is expected tobemoreeffective
because the Al is closer to the Ge hole gas. It is then surprising that the
measured IswRN product shown in Fig. 1g is significantly smaller for
sample D5. One factor that could play a role is the fact that D8, espe-
cially at high density, is in the short ballistic regime (L < lh, ξN), where
IcRN is expected to be equal to πΔ/e38; Ic is the critical current and

ξN =
_2

ffiffiffiffiffiffiffiffi
2πnh

p
2meffΔ

is the superconducting coherence length in the quantum

wellwithmeff being the effectivemass. Usingnh = 1012cm−2,Δ = 200 μeV
and meff to be around 10% of the electron mass39, we estimated
ξN ≈ 500 nm. On the contrary, samples D5 have L ≈ lh, which implies a
smaller IcRN38, making it challenging to compare the IcRN of the D8 and
D5 devices directly. Moreover, the variations of IswRN in D5 and D8 as a
function of the JoFET dimensions is not fully understood. For these
reasons, the IswRN of such JoFETdevices is not sufficient to characterize
the quality of the proximity effect, especially because the switching
current probability distribution is rather broad at low temperatures40.

Tunability of the induced superconducting gap
The above reported results demonstrate that proximity induced
superconductivity can be achieved in Ge without direct contact with
the superconductor, therefore avoiding metallization issues41. How-
ever, it is not clear to what extent the Si0.3Ge0.7 spacer of thickness D is
influencing the value of the induced superconducting gap Δ* and the
subgap density of states. We expect that Δ* depends on the coupling t
between the Al and the QW, see the sketch of Fig. 2a. Since Si0.3Ge0.7
acts as a tunnel barrier, t should be strongly dependent on D. In other
words, if D is very thin, we expectΔ* to be similar to theparent gapofAl
Δ; whereas if D is very thick the two layerswill be very decoupled (small
t) and Δ* will be quenched.

In order to investigate the dependence of Δ* on D, tunneling
spectroscopy experiments were performed to estimate the local den-
sity of states of the hybridized Ge QW, see Fig. 2b, c for the experi-
mental layout.

Thedifferential conductancedI/dV, plotted in logarithmic scale, as a
function of source-drain bias V and fingergates voltage Vdg for D8 is
shown in Fig. 2d. dI/dV is suppressed symmetrically around V =0 inde-
pendently on Vdg (Fig. 2e); this signals the presence of a super-
conducting gap in the hybridized Ge hole gas. Interestingly, a double
peak structure is revealed. The first peak appears at V ≈ 240μeV and the
second at V≈80μeV. We interpret them as the parent gap of Al, Δ, and
the induced gap in the Ge hole gas Δ*. Their presence is more evident if
dI/dV is plotted in a linear scale, like in Fig. 2f where the line-cuts have
been shifted vertically for the sakeof clarity. The sub-gap conductance is
suppressed by one order of magnitude compared to the above-
gap value.

We now turn our attention to the dI/dV of sampleD5 (Fig. 2g). The
difference between Fig. 2g, d is striking. The region of suppressed
conductance around V =0 is larger in Fig. 2g, demonstrating that the
induced gap is bigger. The line-cuts, see Fig. 2h, showcase a difference
between the normal-state conductance and the conductance at V = 0
of about two orders of magnitude, indicative of a hard gap1. Also for
this device the double peak structure is observed (Fig. 2h, i). The
parent gap appears at a similar value, namely Δ ≈ 230μeV, while
Δ* ≈ 150μeV.

Superconducting diode effect
Having demonstrated a hard superconducting gap, we use the
hybrid Al/Ge platform, to build a SQUID which acts as a gate/flux
tunable superconducting diode12 and as a generator of non-

Fig. 2 | Superconducting gap tunability. a Sketch of the proximity effect. Al has a
superconducting parent gap Δ and it is coupled to the Ge hole gas. The coupling t,
and therefore the induced gap Δ*, depends on the thickness of the SiGe tunnel
barrier, i.e., on D. b Top-view sketch of the device layout used to perform tunneling
spectroscopy. The part of the Ge QW (right side) not covered by Al is tuned to be
fully conductive and behaves like a normal metal reservoir. The two split gates are
used for creating a tunnel barrier by applying voltages Vdg1 and Vdg2. The accu-
mulation gate which covers the sample without Al on top is not depicted in the

sketch. c Side-view sketchofb. The green profile is a sketchof the tunnel barrier for
holes formed at the border between the conductive Ge and the hybridizedGe.d [g]
dI/dV as a function ofV andVdg =Vdg1 +Vdg2 plotted in logarithmic scale forD8 [D5].
Data for lower Vdg are shown in Fig. S1. e [h] Line-cuts taken from d [g] at different
Vdg (see small solid circles) demonstrating a hard gap for sample D5. f [i] Line-cuts
taken from d [g] plotted in a normalized scale, in which the measured dI/dV is
divided by the normal state conductance GN = (dI/dV)/Gnormal. The traces are shif-
ted vertically by 0.25 GN with respect to each other.
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sinusoidal current-phase relations (CPRs). The superconducting
diode effect (SDE) can appear in a simple SQUID either if its
inductance L is significant42,43 or if the CPRs of the single junctions
have higher order contributions, arising fromAndreev bound states
in a semiconducting junction21,44 or from junctions in the dirty
limit45,46.

Figure 3a shows the schematics of a SQUID, with the underlying
4-probe current-biased electrical circuit. Isq is the current passing
through the SQUID, J is the current circulating in the SQUID and Vsq is
the measured voltage drop across the device. In the following, we
always sweep Isq from positive/negative values to Isq = 0, such that the
retrapping current (Isq,+(-)) is recorded for both branches. The use of
the retrapping current avoids the challenges arising from the sto-
chastic nature of the switching current40. Top gate voltages Vg1 and Vg2
are used to tune the retrapping current Iret1 of JJ1 and Iret2 of JJ2.We first

tune the device to be slightly unbalanced, i.e.,
Iret1 = 46.5nA ≠ Iret2 = 83.5 nA, see methods for understanding how Iret1
and Iret2 have been determined for the SQUID geometry. Figure 3b
represents a SQUID measurement for such configuration, where Vsq is
recorded as a function of Isq andΦ. Isq,+(-) is periodically modulated by
Φ, as can be clearly seen inFig. 3c.However, two features are observed,
which are not expected for a negligible inductance SQUID composed
by tunnel junctions. First, the retrapping current atΦ= Φ0

2 is expected
to be ∣Iret1 − Iret2∣ = 37nA (see brown horizontal line in Fig. 3b), instead
the measured value is around 52nA. Moreover, the SQUID pattern is
not symmetric with respect toΦ= Φ0

2 , see green arrows in Fig. 3b. This
asymmetry gives rise to a finite SDE. The diode efficiency, defined as
η= Isq, +�jIsq,�j

Isq, + + jIsq,�j, is shown in Fig. 3d. Inparticular,η =0at integer (Φ = nΦ0)
and it changes its sign aroundΦ= n

2Φ0. Themaximum value observed
for this device is around 15%.

Fig. 3 | Gate and flux tunable SDE employed as a generator of complex CPRs.
a Schematic of a typical SQUID.bVsq as a function ofmagneticfluxΦ and Isq. Isq was
swept frompositive values to zero and, subsequently, fromnegative values to zero.
The SQUID lobes for positive and negative currents are asymmetric with respect to
half flux and the critical current at Φ

Φ0
= 0:5 is larger than Iret2 � Iret1

�� ��, see the brown
line. c Positive (Isq,+) and negative ðIsq,�Þ retrapping current extracted from b.
d Diode efficiency obtained from b. η =0 for integer and half-integer fluxes,
whereas it reaches its maxima and minima around Φ

Φ0
= 0:5. The orange traces

represent the expected outcome if the SQUID would be composed of standard
tunnel junctions and it would have a total inductance of L = 110pH. The mere
addition of L is not enough to match the experimental data. The red traces
represent the result of the numericalfit (K1 = 0.658,K2 = 0.122,K3 = 0.102andhigher

order terms are less than 10%), imposing L = 110pH. e [f] η [Isq,+] as a function ofΦ
and Vg2 with Vg1 = − 1.5V. The behavior for the switching current is shown in
the Supplementary information Fig. S8. η is always zero at Φ

Φ0
= 0:5, independently

on Vg2, and the polarity of the diode is inverted at the balanced point (pink cross).
g [h] Theoretical calculation of e [f], showing qualitatively similar behavior like the
measurements. i–j First harmonic contribution extracted from g. The green traces
highlight the points where their contribution vanishes. Just at the balanced point
and at Φ

Φ0
= 0:5 both terms vanish. k Second harmonic contribution; it never van-

ishes at Φ
Φ0

= 0:5. The cosinusoidal contribution is shown in Fig. S9alongwithhigher
order terms. l Ratio between second and first harmonic, Λ= jb2 j+ ja2 j

jb1 j+ ja1 j as a function of
Vg2 and Φ. The red trace indicates the points where K = 1. In c, d and
g–l, K1 = 0.65,K2 = 0.15,K3 = 0.1 and higher order terms are less than 10%.
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In order to understand these results, we solve the static equation
of the system:

Isq
2 + J = I JJ1 φ1

� �
,

Isq
2 � J = I JJ2 φ2

� �
:

ð1Þ

IJJ1 [IJJ2] is the current flowing through JJ1 [JJ2] which depends on the
phase difference across the junction φ1 [φ2]. The phase drops are
related to the fluxoid quantization:

φ2 � φ1 = 2π
Φ

Φ0
+ 2π

LJ
Φ0

ð2Þ

For a given Φ, Isq,+ [Isq,-] is obtained by finding the maximum [mini-
mum] Isq with respect to φ1.

First, we attempt to understand our results assuming standard
sinusoidal CPRs, i.e., I JJ1 φ1

� �
= Iret1 sin φ1

� �
and IJJ2 φ1

� �
= Iret2 sin φ2

� �
,

and adding the inductive contribution. L is composed of two terms, a
geometric one Lgeo and a kinetic one Lkin; we extracted L = 110pH, see
methods for details. The orange traces in Fig. 3c, d represent the
theoretical prediction. It is clear that the mere addition of a realistic L
does not capture the full picture, especially around Φ

Φ0
= 0:5, where Isq,+

and ∣Isq,-∣ are greatly underestimated, see Fig. S2.
Therefore, it is necessary to consider higher order harmonics for

explaining our results, namelywe assume thatour single junctionCPRs
are given by:

I JJ1 φ1

� �
=α1Iret1

P
n

�1ð Þn + 1Kn sin nφ1

� �

I JJ2 φ2

� �
=α2Iret2

P
n

�1ð Þn + 1Kn sin nφ2

� � ; ð3Þ

where Kn is the relative contribution of the n-th harmonic and we
assumed that the harmonics’ contribution is the same for both
junctions. α1 [α2] is a dimensionless parameter which is adjusted such
that max I JJ1 = Iret1 [max I JJ2 = Iret2].

The red traces in Fig. 3c, d are the outcomeof a numericalfit using
up to eight harmonic contributions. It is found that K1 = 0.66, K2 = 0.12
andK3 = 0.10,whilehigher order terms are smaller than 10%, see Fig. S2
to understand the effect of higher order terms. We point out that also
asymmetric cases would give qualitatively similar results (Fig. S3), but
the amount of free parameters of the fit would increase considerably.

Wenow turnour attention to the gatedependenceof theSDE.Our
measurements show that the SDE can be tuned by the gate voltagesVg1

and Vg2. In Fig. 3e, we fix Vg1 = − 1.5V and we study the behavior of η
while varying Φ and Vg2. When jVg2j> jVg1j, η >0 [η <0] for Φ

Φ0
> 0:5

[ ΦΦ0
< 0:5], while the trend is opposite if jVg2j< jVg1j. In other words, we

have an inversion of the diode polarity going from one regime to the
other and most importantly, the SDE completely vanishes indepen-
dently of Φ when the two junctions are fully balanced (Vg1 ≈Vg2, i.e.,
Iret1 = Iret2 = Iret).

Isq,+, plotted in Fig. 3f, does not vanish even at half flux quantum
and for balanced junctions, see the pink cross in Fig. 3f; we refer to this
condition as the sweet spot. This is a crucial aspect, because at the
sweet spot, the first harmonic of Isq (/ sin φð Þ) is completely sup-
pressed but not the higher-order terms. We can understand this from
considering Eqs. (1) at the sweet spot,

Isq
2

+ J =αK1Iret sin φ1

� �� αK2Iret sin 2φ1

� �
Isq
2

� J =αK1Iret sin φ1 +π
� �� αK2Iret sin 2φ1 + 2π

� �
,

ð4Þ

where for simplicity the inductance and higher order terms are
neglected and α1 = α2 = α. Therefore the CPR of the SQUID would be

Isq φ1

� �
= �2αK2Iret sin 2φ1

� �
. This CPR corresponds to transport

through the SQUID being governed by pairs of Cooper pairs, while the
exchange of single pairs is quenched. This is the condition needed for
creating a certain type protected qubit24.

This behavior can be further understood by solving Eqs. (1), (2)
and assuming to have JJs with higher order contributions. Figure 3g [h]
represents the theoretical calculation of η [Isq,+] for a SQUID with the
parameters extracted from the fit of Fig. 3c, d. The simulation results
agree well on a qualitative level with the measurements. From the
theoretical calculation it is possible to calculate the CPR of the SQUID
and express it as a Fourier expansion:

Isq φð Þ≈ b1 sin φð Þ+ b2 sin 2φð Þ+ . . .

+a1 cos φð Þ+a2 cos 2φð Þ+ . . .
ð5Þ

wherebn andan represents the n-th harmonic contribution andφ is the
phase drop across the SQUID. The values of thefirst harmonic termsb1,
a1 and second harmonic term b2 obtained from numerical simulations
are shown in Fig. 3i–k.

Next, we show the theoretical prediction of the ratio between the
second and first harmonic, i.e., K = jb2 j+ ja2 j

jb1 j+ ja1 j, see Fig. 3l. The red trace
depicts the points where the first and second harmonics equally con-
tribute to the SQUID CPR, whereas the ratio diverges close to the
sweet spot.

We note that, different CPRs of the single Josephson junctions
would give slightly different outcomes. However, it would not change
the main conclusion that b1 and a1 can be completely suppressed.
Moreover, the first harmonic contribution can be suppressed over a
broad range of gate space, which also allows to tune the second har-
monic contribution (Fig. S4).

Finally, we note that the first harmonic can be quenched by just
having a high inductance and the possibility of tuning the critical
currents, see Figs. S5,S6 and S7.

Half-integer Shapiro steps and ideal SDE
The good qualitative match between the experiment and the theore-
tical prediction of Fig. 3makes us confident inour interpretation of the
diode data, but the CPR of the SQUIDwas not directly probed. The AC
Josephson effect would help to further elucidate the CPR periodicity.
In fact, for a standard sinusoidal CPR under microwave irradiation, the
current-voltage characteristics develop voltage steps when V = s hf ac

2e ,
the so-called Shapiro steps, where s =0, 1, 2,… and fac is the external
applied frequency. On the contrary, if the CPR becomes / sin 2φð Þ,
signaling tunnelingofpairs of Cooper pairs, steps at half-integer values
also appear, i.e., s =0, 0.5, 1,… 47–49. In our case, we expect the ratio
between the second and first harmonic to be maximized when the
SQUID is balanced andΦ≈ Φ0

2 , see Fig. 3l as an example. Therefore, we
would expect to observe half-integer Shapiro steps when approaching
the sweet spot21.

In order to avoid flux generated by inductive effects which might
lead to similar results50, we present results of a 30 nm-thick aluminum
SQUID, which has a much smaller inductance (L < 15pH). Furthermore,
a shunt resistor Rshunt of 10-50 Ω, see Fig. 4a, was added in order to
create overdamped junctions, allowing therefore to measure Shapiro
steps at small external frequencies, avoiding issues related to Landau-
Zener transitions51.

In the following, we study a SQUID in a balanced configuration
(Iret1 = Iret2) subjected to an external drive at fac = 500MHz. Figure 4b
shows the differential resistance of the SQUIDdVsq/dIsq as a function of
the microwave drive power P and Isq at Φ

Φ0
= 0:58. If P is high enough,

dips corresponding to the integer Shapiro steps s = 1, 2, 3 appear.
Similar results are obtained at Φ

Φ0
= 0:42, see Fig. 4c. However, the

situation is different if Φ
Φ0

= 0:5 (Fig. 4d) a condition for which the first
harmonic term should vanish. For this situation, the first half-integer
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steps appears as theoretically expected (see Fig. S10 for the identifi-
cation of the Shapiro steps).

This behavior is summarized in Fig. 4e where we fix P = 9dBm and
we display dVsq/dIsq as a function of Isq and Φ. Far from half flux
quantum, dips corresponding to integer Shapiro steps are observed;
while close to Φ

Φ0
= 0:5 the integer steps fade and the s =0.5 step

becomes pronounced, see white numbers. In order to further investi-
gate the range over which the half-integer Shapiro step is visible, we fix
Φ
Φ0

= 0:5 and we vary Iret2 with the gate voltage Vg2. When the SQUID is
close to the balanced regime (Vg2 ≈0.1V) the first half-integer step is
evident (white numbers); however it fades away if the SQUID becomes
unbalanced, i.e., Vg2 > 0.2V. As expected from the previous analysis,
the half-integer step appears only if the device is close to the balanced
position and close to half flux quantum when
Isq φ1

� �
=b2 sin 2φ1

� �
+ b4 sin 4φ1

� �
+ . . . . Importantly, also a second

device investigated under microwave irradiation showed the same
behavior, see Fig. S10.

The SDE indicates that the symmetry Isq,+ = − Isq,- is broken in our
system, which also implies that the widths ΔI±1 of the two first Shapiro
steps, which eventually define Isq,+ and Isq,-, can be different21. As the
position and thewidth of the plateaus depend on themicrowave drive,
one can envision tuning to a situation in which the first negative pla-
teauwould start at zero current (Isq,- = 0)while thefirstpositive one at a
finite current (Isq,+ ≠0). At this particular strength of the ac driving, the
SQUID is expected to become an ideal SDE, i.e., η ≈ 1, see theoretical
analysis in ref. 52.

In order to investigate this possibility a similar SQUID, with
Rshunt = 50Ω, at Φ =0.39Φ0 for different drive powers P was investi-
gated (Fig. 4g). For small P, Isq,+ > ∣Isq,-∣ and η ≈0.18, see blue trace.

When P increases both Isq,+ and ∣Isq,-∣ decrease, see orange trace.
Eventually when P is high enough (green trace), Isq,- drops to zero,
whereas Isq,+ ≠0, yielding a diode efficiency equal to 1. Moreover, we
show that our device is non-volatile, namely we can switch several
times from the normal-state to the superconducting branch by chan-
ging the current direction, see Fig. 4h.

Discussion
In the past few years, planar germanium has established itself as a
promising platform for spin-qubit arrays30. Here, we demonstrate its
potential also for hybrid semiconductor-superconductor quantum
devices. Inspired by more mature technologies37, we introduced a
reliableway to induce superconductivity by using shallowQWs and, to
the best of our knowledge, we have realized the largest hard gap in Ge.
Our method does not rely on the precise etching of the QW and/or
surface treatments35 and does not require in-situ deposition of the
superconductor. Furthermore, it minimizes the Fermi velocity mis-
match due to the direct contact between Ge and proximitized Ge,
enhancing Andreev reflection over normal reflection.

While the shallowQWs reported in thiswork are of limitedmobility
and have a larger charge noise, which can be a challenge for the reali-
zation of scalable spin qubits, possible mitigation strategies of this
problem could include a careful engineering of the semiconductor/
dielectric interface53, including the use of Ge caps54, or growing theQWs
on Ge instead of Si wafers55. A further solution could be to have a thin
spacer in the areas where superconductivity should be induced and a
thicker one in the areas where the spin qubits will be formed.

The reported large superconducting hard gap on a group IV
material will enable spin qubit coupling via coherent tunneling and

Fig. 4 | Half-integer Shapiro steps and ideal superconducting diode.
a Schematics of a typical SQUID used for Shapiro experiments with a microwave
drive Iac sin 2πf act

� �
. b [c] Shapiro pattern for a 30nm thick room temperature

deposited Al sample with Rshunt = 20Ω in the balanced regime (Iret1 = Iret2 = 500nA)
with fac = 500MHz and at Φ

Φ0
= 0:58 [ ΦΦ0

= 0:42]. The differential resistance dVsq/dIsq
is plotted as a function of the RF power P and Isq. Dips in dVsq/dIsq correspond to
integer Shapiro steps. d samemeasurement as b and c but at Φ

Φ0
= 0:5. Importantly

at half flux quantum, the first half-integer steps appear for low P. e Shapiromap as a
function of Isq and Φ in the balanced regime (like for the previous plots) for
P = 9dBm. The half-integer steps appear only close to Φ

Φ0
= 0:5. f Shapiro map as a

function of Isq and Vg2 for P = 9dBm and at Φ
Φ0

= 0:5. The half-integer steps appear
when the SQUID is close to the balanced condition, i.e., if Iret2 ≈ 500 ± 40nA. g and
h show data from another 30nm thick Al sample but at fac = 2GHz and with
Rshunt = 50Ω for achieving a better visibility. g Current-voltage characteristics for
Φ =0.39Φ0 and for fac = 2GHz with Iret1 = 670nA and Iret2 = 450nA for different
powers P. AtP = 12dBm, Isq,+ is 120nA,whereas Isq,- ≈0, i.e., η ≈ 1.hThe non-volatility
of SDE at P = 12dBm is demonstrated by switching between the normal and
superconducting behavior alternating Isq from90nA to − 90nA [upper panel]. In the
lower panel, the measured voltage Vsq is reported. A time dependent offset of Vsq,
due to drift, was subtracted.
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cotunneling processes that involve (crossed) Andreev reflection56,57. In
addition, the realized gate and flux-tunable superconducting diode
can suppress the first harmonic term, making it therefore an inter-
esting building block for creating protected superconducting qubits
with semiconductor materials24–28. In order to realize such qubits,
superconducting resonators are key elements. A λ/4 notch-type reso-
nator is shown in (Fig. 5a) (see methods for details). The upper-left
inset of Fig. 5a depicts the cross-section of the resonator, pointing out
that the Ge QW has been completely etched away prior to the reso-
nator fabrication. Figure 5b shows the transmission amplitude S21

�� �� as a
function of the probe frequency f. The internal quality factors Qi were
extracted58 and found to be around 7000 [20000] for 〈nph〉 ≈ 1 [100];
demonstrating the microwave compatibility of the used Ge/SiGe het-
erostructures. Interestingly, just slightly smaller Qi values were
extracted also for superconducting resonators fabricated on Ge/SiGe
heterostructures where the Ge QW has been removed just in the gap
between the central conductor and the groundplane, showing that the
proximitized Ge does not lead to significant losses. The above
demonstrated microwave compatibility of the used Ge/SiGe hetero-
structures opens a path towards spin-photon experiments59, gate
tunable transmon qubits2–4 and superconducting spin qubits in group
IV materials6 and allow us to envision the transfer of quantum infor-
mation between different types of qubits, all realizable on planar Ge.

After submission of our manuscript we became aware of similar
works dealingwith the superconducting diode effect in interferometer
devices60–62.

Methods
Growth and Al deposition
Strained Ge QW structures were grown by low-energy plasma-
enhanced chemical vapor deposition on forward-graded buffers63 with
Si0.3Ge0.7 caps of 5 and 8 nm above the 18 nm Ge QW. These nominal
QW and cap thicknesses vary across the wafer due to the intensity
profile of the focused plasma. Thicknesses were verified by comparing
high-resolution x-ray diffraction ω–2θ scans with dynamical simula-
tions based on a smoothed QW profile63. This same composition pro-
file was constructed within the NextNano 1-d Poisson-Schrödinger
solver, alongwith a dieletric layer and top Schottky contact, in order to
generate the band profile and wavefunction density shown in Fig. 1a.
The Ge/SiGe heterostructures are cut in pieces of 6x6 mm2. A 3min
buffered oxide etch (7:1 ratio) removes the native surface oxide of the

diced samples, after which they are transferred to a molecular beam
epitaxy chamber. The samples are cooled down to 110K by active
liquid-nitrogen cooling. Subsequently, Al is deposited at a growth rate
of 5.5Å/min. Immediately after growth, samples are transferred in-situ
to a chamber equipped with an ultrahigh-purity O2 source where they
are exposed to 10−4mbar of O2 for 15min. The formed oxide layer
prevents subsequent retraction of the metal film as the sample warms
up to room temperature under ultrahigh vacuum conditions.

Sample fabrication
10 nm-thick, cold deposited aluminum samples. A mesa of around
60nmdepth is obtained by first removing Al with Transene D and then
by etching the heterostructurewith a SF6-O2-CHF3 reactive ion etching
process. In a second step, Al is selectively etched away using Transene
D in order to create the Josephson junction or tunneling spectroscopy
devices. Then, for tunneling spectroscopy devices, normal metal
ohmic contacts are created by argon milling the SiGe spacer followed
by a deposition of 60 nm platinum at an angle of 5∘. Finally, 9–18 nm
plasma assisted aluminum oxide is deposited on top of all the sample
at 150 ∘C and then Ti/Pd gates are evaporated. For some devices, two
layers of top-gates were needed.

30 nm-thick, room-temperature deposited aluminum samples. A
mesa of around 60nm depth is obtained by etching the hetero-
structure with a SF6-O2-CHF3 reactive ion etching process. The sample
is then submerged for 15s in buffered HF and, subsequently, the 30nm
Al film is deposited. Gates are patterned like for the 10nm-thick sam-
ple. Importantly, this technique allows to fabricate devices without the
need of wet etching for removing the superconductor.

CPW resonator, without QW. The QW is removed by a SF6-O2-CHF3
reactive ion etching process. Subsequently, the CPW resonator, the
feed-line and the ground plane are written by electron beam litho-
graphy followed by a 25 nm-thick Al deposition at room temperature.

CPW resonator, with QW. Electron beam lithography is performed on
a samplewith low temperaturedeposited aluminum.The areabetween
the ground plane and the signal line is exposed and after development
the Al is removed by transene D etching. Finally, and before removing
the resist the Ge QW is etched away by a SF6-O2-CHF3 reactive ion
etching process.

Fig. 5 | Hybrid coplanar waveguide resonators. a Scanning electron microscopy
image of a typical notch-type CPW resonator. The top insets show sketches of the
CPW cross-section, at the position of the cyan trace, when the QWhas been etched
away (left) and when the resonator is fabricated on top of the QW (right). In the
latter case, the feedline, the resonator and the ground plane are formed on top of
the Ge QW. The scale bar corresponds to 500μm. b S21

�� �� signal as a function of the
frequency f around the resonance frequency of a devicewithout QW. The black line

is an algebraic fit58. c Internal quality factor Qi, averaged for multiple
4GHz< fr < 5.5GHz resonators (Table S1), as a function of the average photon
number 〈nph〉 for samples without QW, D5 and D60. The shaded areas correspond
to the standard deviation of the data.We notice that the proximitized GeQW in the
samplesD5 leads to small additional losses, compared to thewithoutQWresonator
samples. However, if the Ge QW gets decoupled from the Al (D60), we observe a
lower Qi, suggesting that Qi is limited by losses in Ge.
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Inductance estimation
The total inductance L of themeasured SQUIDs has two contributions:
the geometric one (Lgeo) and the kinetic one (Lkin). For the Lgeo we
approximated the device to a loop with a radius R and with the wire
diameter d

Lgeo =μ0R ln
16R
d

� �
� 2

� 	
ð6Þ

where μ0 is the magnetic vacuum permeability and we assumed the
relative magnetic permeability μr = 1. Typical values of our SQUID
geometry are R ≈ 1.25μm and d ≈0.7μm, which gives Lgeo ≈ 2pH.
However, in order not to underestimate this contribution, Lgeo is
assumed to be as large as≈ 5pH. As regards the kinetic inductance per
square Lkin,□, it was estimated from the values of the superconducting
gap and the square normal-state resistance R□

64:

Lkin,& =
h

2π2

R&

Δ
ð7Þ

where Δ is estimated from the critical temperature Tc, i.e., Δ = 1.76kBTc
with kB being the Boltzmann constant. The results are summarized in
Table 1.

Estimation of the retrapping currents in the SQUID geometry
We note that the sum of the retrapping currents measured in isolation
(Iret1,iso and Iret2,iso), i.e., with the other junction pinched off, in the
absence of a shunt resistor is always smaller than the retrapping cur-
rent of the squid atΦ = 0. This difference is attributed to the fact that
the SQUID has a smaller resistance, which leads to lower dissipation65

and, as a result, a higher retrapping current. Therefore, we assume an
even redistribution of retrapping currents such that Iret1,iso

Iret2,iso
= Iret1

Iret2
and

Iret1 + Iret2 = Isq, + Φ=0ð Þ. This approach was used to estimate the
retrapping currents for Fig. 3.

Data availability
All experimental data included in this work are available at https://
zenodo.org/records/10119346.
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