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leads and the well-defined electronic 
states of the QD results in mesoscopic 
quantum devices with broad applications 
and rich physics.[1] Hybrid junctions have 
been realized with various architectures 
using a wide range of materials, with sig-
nificant focus on carbon nanotubes,[2,3] 
graphene,[4,5] or high mobility compound 
semiconductors such as InSb[6,7] or InAs/
InP[8–11] nanowires (NWs). These research 
efforts continue to highlight the richness 
and applicability of hybrid junctions with 
experiments showing interesting results, 
beyond Coulomb blockade (CB) and 
tunable supercurrent, including Kondo 
physics, Andreev bound states (ABS), 
and possible signatures of Majorana fer-
mions.[6] Extending the architecture by 
the possibility to modulate the QD elec-
trostatically, hybrid systems also resemble 
Josephson field-effect transistors which 
can be integrated into quantum devices 
including tunable superconducting 

quantum interference devices (SQUIDs)[1,12] and gated super-
conducting qubits (gatemons) for sensing and quantum com-
puting applications, respectively.[13]

Recently, quantum devices based on confined Ge nanostruc-
tures have seen a growth in interest due to exceptional mate-
rial properties and compatibility with mature CMOS processes. 
In particular, due to its large hole mobility, strong spin–orbit 
coupling and tunable g-factors, Ge is promising for both spin 
qubit control and, specific to hybrid junctions, for the obser-
vation of Majorana zero modes which are candidates for topo-
logical quantum computing. Ge is predominantly integrated 
with Si in the form of Ge/Si core/shell NW junctions,[14–17] Ge/
Si planar junctions,[18,19] or Ge hut wires[20] with Si caps. How-
ever, proximity-induced superconductivity in intrinsic Ge (i-Ge) 
channels remains elusive. This is mainly associated with the 
difficulty in overcoming the metal–Ge Schottky barrier which, 
despite forming close to the valence band due to Fermi level 
pinning,[21] can prevent proximity-induced supercurrent. Over-
coming the Schottky barrier requires the fabrication of high-
quality electrical contacts to Ge nanostructures while simul-
taneously reducing the gate screening effect of the leads.[22,23] 
This tremendous challenge has been recently overcome 
through intense research on the thermal diffusion of metals 
into semiconducting NWs.[24–26] The absence of an intermetallic 

Superconductor–semiconductor–superconductor heterostructures are 
attractive for both fundamental studies of quantum phenomena in low-
dimensional hybrid systems as well as for future high-performance low power 
dissipating nanoelectronic and quantum devices. In this work, ultrascaled 
monolithic Al–Ge–Al nanowire heterostructures featuring monocrystalline 
Al leads and abrupt metal–semiconductor interfaces are used to probe the 
low-temperature transport in intrinsic Ge (i-Ge) quantum dots. In particular, 
demonstrating the ability to tune the Ge quantum dot device from completely 
insulating, through a single-hole-filling quantum dot regime, to a supercur-
rent regime, resembling a Josephson field effect transistor with a maximum 
critical current of 10 nA at a temperature of 390 mK. The realization of a 
Josephson field-effect transistor with high junction transparency provides 
a mechanism to study sub-gap transport mediated by Andreev states. The 
presented results reveal a promising intrinsic Ge-based architecture for 
hybrid superconductor–semiconductor devices for the study of Majorana zero 
modes and key components of quantum computing such as gatemons or 
gate tunable superconducting quantum interference devices.

1. Introduction
The coupling of two well-established systems, superconducting 
circuits and quantum dots (QDs), to create hybrid devices has 
conceived a new and promising domain. The amalgamation of 
the superconducting proximity effect of the superconducting 
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phase formation and compatible diffusion rates between Al–Ge 
have been exploited extensively to form true metal–Ge hetero-
structures with abrupt interfaces[27–30] leading to the formation 
of self-aligned Al NWs contacting the monolithically integrated 
Ge QD.

In this paper, we use such monolithic and single-crystalline 
Al–Ge–Al NW heterostructures integrated into a back-gated 
field-effect device to investigate low-temperature transport of an 
ultrascaled i-Ge QD embedded between two superconducting 
Al leads. By controlling a single gate voltage, we can adjust the 
system to a variety of quantum transport regimes. The trans-
port regimes of a hybrid device are defined by its dominant 
energy scales: the superconducting gap (Δ), the tunnel coupling 
(Γ), and the charging energy (EC).[1] Most devices are limited to 
a single transport regime of interest depending on its character-
istic energies and gate tunability, which are determined during 
fabrication with or without intention.[10,18] In the actual Al–Ge–
Al device, Γ and EC can be tuned via the single back gate pro-
viding access to different transport regimes in a single device. 
Here, we will detail the properties of the three major regimes: 
first, the weak coupling regime (Γ = Δ ≪ EC) where we observe 
CB with large EC, strong confinement effects, and single hole 
filling. Second, the intermediate coupling regime (Γ ∼ Δ ∼ EC) 
where superconducting sub-gap resonances appear related to 
resonant effects between Andreev and QD states. Finally, the 
strong coupling regime where the pure Ge segment exhibits 

proximitized superconductivity with a tunable supercurrent 
extending to 10 nA and remarkable channel transparencies up 
to 95%. The observation of supercurrent through the i-Ge seg-
ment adds monolithic Al–Ge–Al nanowire heterostructures to 
the field of Ge-based superconducting hybrid junctions.

2. Results and Discussion

2.1. Fabrication of Ultrascaled Al–Ge–Al NW Devices

The Al–Ge–Al NW heterostructures have been fabricated 
by a thermally induced exchange reaction between vapor–
liquid–solid (VLS) grown single-crystalline undoped i-Ge NWs 
enwrapped in a 20 nm Al2O3-shell and lithographically defined 
Al contact pads (Figure 1a).[27,31] This technique enables the fab-
rication of ultrashort Ge segments contacted by self-aligned, 
quasi-1D, crystalline Al leads.[25,32] By this method Ge lengths as 
short as 10 nm are realized,[26] well beyond lithographic limita-
tions (see the Supporting Information for details). The rodlike 
structure prevents the usual screening of the gate electric field 
due to large lithographically defined contacts and enables excel-
lent electrostatic control of field-effect devices.

The Al–Ge–Al NW heterostructures are integrated in a back-
gated field-effect transistor architecture using a heavily p-doped 
Si substrate with a 100  nm thick SiO2 dielectric layer. To 
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Figure 1. a) False color SEM image of an Al–Ge–Al NW heterostructure integrated in a back-gated field-effect transistor architecture. b,c) High-res-
olution high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image using a probe-corrected FEI Titan Themis 
working at 200 kV of a 15 nm long Ge segment embedded in an Al–Ge–Al NW heterostructure (b) and the abrupt Al–Ge interface of the Al–Ge–Al NW 
heterostructure orientated along the [110] direction (c).
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investigate the structural properties as well as the Al–Ge inter-
face quality, devices identical in construction have been fabri-
cated on 40  nm thick Si3N4 transmission electron microscopy 
(TEM) membranes.[33] Figure 1b shows that the exchange reac-
tion forms an Al–Ge–Al NW heterostructure while maintaining 
a uniform diameter and abrupt interface. A zoom on the Al–Ge 
interface (Figure  1c) reveals that the interface is nearly atomi-
cally sharp with the Ge lattice oriented along the [110] direction, 
transitioning to crystalline Al (c-Al) in a single atomic layer. 
More details regarding the principal heterostructure formation 
mechanism including scanning transmission electron micro-
scopy (STEM)/energy-dispersive X-ray spectroscopy (EDX) 
investigations are discussed in the Supporting Information and 
supplied in the papers of Kral et al.[27] and El Hajraoui et al.[31]

2.2. Overview of Transport Properties

Two devices (Samples 1 and 2) have been measured with a core 
NW diameter of 25  nm and a Ge segment length of 42 and 
37  nm, respectively. In previous work on similar devices with 
longer Ge segments, the room temperature mobility was esti-
mated to be 370 cm2 V–1 s–1.[34] The lower mobility of Ge NWs 
compared to bulk Ge is associated with their significant surface 
scattering.[35–37] This mobility is half of the reported mobility of 
730 cm2 V–1 s–1 in Ge/Si core/shell NWs with comparable diam-
eters.[38] This higher mobility is explained by the hole gas which 
forms in the Ge core due to the band discontinuity between Ge 
and the Si shell.
Figure 2a,b shows the differential conductance, in units of 

quantum conductance, versus bias voltage (VD) of Samples 1 
and 2 recorded at T  = 390 and 410 mK, respectively, over an 
extended gate voltage (VG) region. The two measured devices 
display similar highly tunable transport properties with 
four distinguishable regimes: 1) a full blockade regime for 
VG  >  0.5  V, 2) a CB regime from the first hole to a few tens 
of holes in the QD (−4.5  V < VG  <  0.5  V), 3) an intermediate 
regime with various sub-gap features (−15  V < VG  <  −4.5  V), 
and 4) a supercurrent regime at very negative gate voltages. We 

also observe peaks in conductance due to Andreev reflections 
at eV = 2Δ/n, where n is the order of reflection. As discussed 
by Sistani et al.[29] the tunnel barriers for the actual device are 
defined by weak Schottky barriers for holes resulting from the 
combination of Fermi level pinning due to Ge surface states 
and band correction due to the metal/semiconductor contact. 
Former investigations on Al–Ge–Al heterostructures with long 
Ge segments[29] have shown that the gate voltage strongly modi-
fies the valence band and Schottky barrier profile. The intrinsic 
coupling of the charge density and Schottky barrier enables one 
to simultaneously tune EC and Γ by modulating the back gate 
voltage.

Comparing to estimates of the room temperature mean-free 
path of ℓGe = 45 nm[25] these devices are on the margin between 
the ballistic and diffusive regimes. This explains why clear 
quantized conductance, expected for few channel ballistic semi-
conductors, was not observed in the normal regime (Figure S4, 
Supporting Information). Given the strong similarity between 
the samples we will discuss these regimes hereafter using the 
electrical transport measurements of mainly Sample 1.

2.3. Weak Coupling Regime

Figure 3a–c shows stability diagrams of the conductance versus 
VD over VG range of −3.75 V < VG < 0.4 V at 390 mK. We observe 
clear diamond shaped structures which points to CB suggesting 
that the device acts as a QD with single hole filling. Charge 
degeneracy points[39] occur when a charge state of the QD is in 
resonance with both chemical potentials of the leads allowing 
charge tunneling into and out of the QD. In the stability dia-
grams, these points manifest themselves as the juncture of 
the diamond edges of the N and N−1 charge states, where N 
is the number of holes on the QD. In Figure  3a, we observe 
the first charge degeneracy point at VG = 0.224 V. The current 
pinch-off observed for VG  >  0.274  V and measurements up to 
VG = + 5 V revealing for both samples that current is completely 
blocked suggests that we are observing the introduction of the 
first hole in the QD at VG = 0.224 V. We estimate the number 
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Figure 2. Density plot of differential conductance versus bias voltage (VD) and gate voltage (VG) of a) Sample 1 measured at 390 mK and b) Sample 2 
measured at 410 mK. Four distinct regimes are observed: a full blockade regime for VG > 0.5 V. A Coulomb blockade (CB) regime (−4.5 V < VG < 0.5 V), 
labeled, an intermediate regime (−15 V < VG < −4.5 V) and a supercurrent regime (VG < −15 V), labeled. Horizontal dashed lines show the expected 
position (eVD = 2Δ/n) of the first two conductance peaks due to Andreev reflection for Δ = 220 μeV.
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of holes inside the QD by counting the number of charge 
degeneracy points (Figure  3). Although the occurrence of 
charge jumps during the measurement causes uncertainty, we 
estimate that this number is accurate to ±2. The presence of a 

superconducting gap in the density of states of the leads results 
in the charge degeneracy resonances occurring at non-zero bias 
voltages of eVD = ±2Δ as clearly visible in Figure 3c. The voltage 
gap between the diamond peaks is ≈0.88 mV ± 0.02 mV, which 
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Figure 3. Stability diagram of the differential conductance (dID/dVD) with respect to bias voltage (VD) and gate voltage (VG) in the CB regime: a) In 
the first hole QD regime, b) the few-hole-filling regime, c) many-hole-filling regime. The numerical labels show the estimated number of holes (N) on 
the quantum dot (QD) for a sample of stable charge states. The black vertical dotted lines represent the charge degeneracy points where we estimate 
that a new hole has been introduced to the QD, while considering the occurrence of repeated or incomplete diamonds due to charge jumps. d) ID (VG) 
slice at VD = 0.48 mV. Each color represents a different measurement taken during the same cool-down (see the Supporting Information for details). 
(Inset) Zoom of ID (VG) for 0.25 V < VG < −1.45 V. e) EAdd, calculated using αGΔVG, versus VG with sample of points labeled with the corresponding 
hole number (N).
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corresponds to Δ = 220 ± 10 μeV which is consistent with the 
observed gap in QD devices with Al contacts.[29,40] Further, the 
measured Δ agrees with the BCS gap of 222 μeV determined 
from a critical temperature of TC = 1.46 K. This TC was meas-
ured for a pure c-Al nanowire where all the Ge had diffused out 
of the nanowire and into the bulk Al pads.[41] Hereafter, refer-
ences to the gap are associated with the superconducting gap 
and not the semiconducting bandgap of Ge.

We show in Figure 3d a plot of the current ID versus VG, by 
taking voltage bias slices at VD = 0.48 mV (see the supporting 
Information for details). The plot reveals periodic current peaks 
separated by near-zero current regions typical of CB. Figure 3d 
also highlights the significant tunability of the QD’s conduct-
ance: the first current peak, at VG = 0.224 V, has a magnitude 
of ≈5 pA whereas the final current peak at VG = −3.645 V has 
a magnitude of ≈1 nA. In the blockade regions, the current 
increases from 0 to 0.4 nA around VG = −3.6 V. The evolution 
of the current can be associated with the decreasing strength of 
the Schottky barrier as VG decreases. To quantify this evolution 
we estimate Γ (see the Supporting Information for details) for 
charge states N = 2, 17, 24, and 31 obtaining Γ  = 6.2, 82, 102, 
and 250 μeV, respectively. Comparing to 3 meV < EC < 32 meV 
and Δ = 220 μeV we conclude that the QD is in the weak cou-
pling regime until VG ≈ −3.7 V.

Interestingly, as Γ becomes comparable to the supercon-
ducting gap (Γ ∼ Δ < EC), a zoom on the superconducting gap 
reveals sub-gap conductance resonances that meet at eVD ≈ ±Δ 
occur at the charge degeneracy points (see the Supporting 
Information). These sub-gap features are mediated by Andreev 
reflections and will be discussed in more detail in the next 
section.

Figure  3e shows the addition energy, Eadd(N), the energy 
required to introduce the Nth hole to the QD containing N−1 
holes versus VG. Eadd is defined as the sum of EC  = e2/(CS  + 
CD + CG) where CS, CD, and CG are the source, drain, and gate 
capacitances and the single particle level spacing (δ1) which 
is dependent on the valence band states of the QD. The Sup-
porting Information provides a detailed discussion of the calcu-
lation of Eadd(N). As shown in Figure 3d, in the few hole regime 
(N < 10) Eadd is sporadic moving between 3 and 17 meV. With 
≈10 holes in the QD, EAdd begins to decay steadily until N ≈ 20 
where it converges into an odd-even hole filling effect. From 
the odd–even filling effect, affirmed in the Supporting Informa-
tion, the δ1 in the many-hole regime is estimated to be 1.0 ± 
0.3 meV. We associate the evolution of Eadd to the evolution of 
EC already observed in long Ge segment heterostructures:[29] as 
VG decreases the valence band shifts further above the Fermi 
energy, increasing the size of the QD, thus increasing the mag-
nitude of CS and CD.

A demonstration of strong confinement in the QD is the 
observation of resonant tunneling through excited charge 
states, which manifest as conductance lines that run parallel to 
diamond edges. We observe such features throughout the sta-
bility diagram. From the conductance features at VG = −1.53 V 
with N  ≈ 12, we calculate the energy of the first excited hole 
state to be ΔE = 2.0 meV (see the Supporting Information for 
details). Whereas, in the many-hole regime (N > 20) the average 
energy of the observed first excited states is 1.2 ± 0.6 meV, 
which agrees with δ1 estimated from the odd-even effect. Using 

a general expression for the energy spacing due to quantum 
confinement E h m L∆ ∼ /2

eff
2,[42] we coarsely estimate the effec-

tive mass (meff) to be 0.9me with me being the electron mass 
for the holes given a QD of L = 40 nm. This estimate is larger 
than the reported values of 0.28me

[43] for holes in Ge/Si core/
shell NWs and 0.08me

[18] obtained from Hall measurements 
on SiGe/Ge/SiGe planar junctions. Further experiments and 
analysis are required to more accurately determine meff in our 
device, which are beyond the scope of this paper.

2.4. Intermediate Coupling Regime

At a gate voltage of about VG = −3.8 V, CB features begin to fade 
out for |VD|  >  2Δ. This is evident in Figure  3d where the cur-
rent rapidly diverges from the periodic current peaks of the CB 
regime, indicating the transition to the intermediate coupling 
regime. In Figure 4b, the differential conductance versus VD 
and VG is plotted. For VG < −3.8 V, sub-gap conductance peaks 
with periodic modulation with respect to VG appear. These res-
onances forming arcs bending toward zero bias at the charge 
degeneracy points are interpreted as the experimental signature 
of single hole filling of the QD in the intermediate coupling 
regime. Similar to the CB regime, we estimate Eadd (Figure 4a) 
and observe a continuation of the even-odd filling with compa-
rable energies.

As the QD is filled with more holes, sub-gap features evolve; 
the magnitude of the conductance resonances increases and 
new conductance peaks emerge at lower bias voltages resulting 
in a reduction of the blockade region. This gate voltage depend-
ence of the conductance peaks shows that these resonances are 
not simple multiple Andreev reflections (MAR) which should 
appear at constant bias voltage. In spectroscopy measurements 
performed on carbon nanotube QDs contacted by supercon-
ducting leads, such sub-gap facing bell-shaped resonances are 
associated with ABS which occur in a S-QD system in equilib-
rium through the coupling of discrete electronic states to the 
leads.[3]

The blue curves of Figure 4c,d show the current and the con-
ductance as a function of the bias voltage for VG adjusted to the 
degeneracy points (see vertical blue dashed line in Figure 4b). 
The I–V measurements reveal a current peak at a bias voltage 

of about −160 μeV close to ∆2
3

 ≈ 147 μeV. Related to this peak, 

negative conductance is observed in Figure  4d. Such reso-
nances have been predicted to occur in S-QD-S systems when 
Γ is of the order of EC

[44] and result from the interplay between 
MAR resonances (the third order occurs at VD  ≈ 2/3 Δ) with 
resonant tunneling.

Further, the resonant peak appears to be not symmetric with 
respect to VD. Negative conductance shows up only at negative 
bias voltage and not at positive bias (blue curve). More inter-
estingly, this asymmetry is inverted when a single hole is 
added inside the QD (red curve in Figure 4c,d). As previously, 
we observe a current and negative conductance peak but this 
time at positive bias voltage. In combination, these individually 
asymmetric curves share significant symmetry: by reflecting 
the red G–VD curve about the y-axis of VD  = 0  V we observe 
the underlying symmetry between the resonance features of 

Adv. Mater. 2021, 33, 2101989
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the blue and red G–VD curves (Figure S12, Supporting Informa-
tion). The intriguing symmetry between the curves of two con-
secutive charge degeneracy points, which is observed in both 
samples, needs further investigation and measurements with a 
magnetic field or interface gates to confirm the nature of these 
transport characteristics.

These sub-gap bell-shaped resonances continue until 
VG  =  −4.72  V where the low voltage blockade is replaced by a 
zero-bias conductance peak shown in Figure 4e which we asso-
ciate with superconducting transport across the QD. At lower 
gate voltage the intermediate regime shows regions of sub-
gap features periodically separated by superconducting reso-
nances until the supercurrent transport begins to overcome the 
blockade and large zero-bias conductance is observed continu-
ously with respect to VG marking the beginning of the super-
current regime (Figure S11, Supporting Information).

2.5. Strong Coupling Regime

To investigate the supercurrent regime, current biasing meas-
urements were carried out. Figure 5a shows a density plot of 
the differential resistance (dVD /dID) with respect to the current 
bias (ID) and VG across the device at 390 mK. Zero dVD/dID 
observed for a range of bias currents ID, symmetric around ID = 0,  
indicate dissipationless transport through the Ge segment. 
Figure  5b shows plots of VD versus ID at four gate voltages, 
highlighting the gate tunability and symmetry of the retrap-
ping and critical current. For comparison, data for Sample 2 are 

plotted in orange. We observe gate tunable critical current up to 
10 nA for Sample 1 and 6 nA for Sample 2.

Outside this dissipationless current region (Figure  5a), we 
observe resonant features that are continuous with respect to 
VG. To further understand these features, G versus VD curves of 
the same data as Figure 5b are plotted in Figure 5c. The curves 
reveal that the resonant features are due to bias-dependent con-
ductance peaks, which are symmetric around a large zero-bias 
conductance peak corresponding to “infinite conductivity” of 
the supercurrent state. Further, the resonant features are con-
sistent between Samples 1 and 2. Considering that MAR is the 
cause of these conductance peaks, we superimpose on Figure 5c  

vertical dashed lines at the expected position VD  = 
ne

∆2
 with 

Δ = Δ* = 185 μeV being the superconducting gap and n being 
the MAR order. The clear alignment of up to three MAR con-
ductance peaks with near constant VD positions over a large 
gate range and across two independently measured samples 
highlights the quality of these heterostructures.

Δ* agrees with the extracted Δ from MAR in Al–Ge/Si–Al 
core/shell NWs that had similar Al leads,[28] however, differs sig-
nificantly from the Δ = 220 ± μeV extracted in the CB regime. 
This difference is understood to be due to the reduction of the 
superconducting gap at the Al–Ge interface resulting from the 
exchange of charge between the normal conductor and super-
conductor. This so-called inverse-proximity effect on the super-
conductor poisons the superconducting gap in the region that 
is in close proximity to the normal metal, thus reducing the 
magnitude of Δ,[45] which we refer to as a renormalized gap 
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Figure 4. a) EAdd calculated using αGΔVG versus VG. b) Density plot of differential conductance with respect to bias voltage (VD) and gate voltage (VG) 
in the intermediate regime. The white dashed line shows eVD = 2Δ for Δ = 220 μeV. We observe sub-gap conductance features that evolve with VG. c) 
ID (VD) and d) G (VD) slices at VG = −3.91 V (dark blue) and VG = −3.99 V (red). The red ID (VD) curve has been offset by +5 nA for clarity. e) G (VD) 
curve at VG = −4.72 V.
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(Δ*). The absence of the Schottky barrier in the strong coupling 
regime permits the inverse-proximity effect through the inter-
action of the QD and superconducting leads, thus resulting in 
the observations of a renormalised gap of Δ* = 185 μeV, which 
is, as expected, less than the BCS gap.

In the weak coupling regime of our intrinsic Ge system, the 
strong agreement between the measured Δ = 220 μeV with the 
BCS gap of 222 μeV suggests there is no renormalization of  
the superconducting gap. Indeed in this regime the Schottky 
barrier at the Al–Ge interface acts as an insulating barrier 
isolating the QD from the superconducting leads. This isolation 
prevents the inverse proximity effect and thus prevents the 
renormalization of Δ.

The observation of MAR singularities in the supercurrent 
regime promotes the use of a Monte Carlo based fitting algo-
rithm which by fitting the nonlinear I–V curves provides an 
estimate of the number of conduction channels and the trans-
parency of each channel.[46] The fits of the curves of VG = −8.6 V 
and VG = −15.5 V (Figure S14, Supporting Information) provide 
similar high transparencies of the first channel of 95% and 
96%, respectively. Consistent with the transport properties of a 

majority hole carrier semiconductor more conduction channels 
contribute to the transport at VG  =  −15.5  V than VG  =  −8.6  V 
(Figure S15, Supporting Information, for a bar chart of the 
respective channel transparencies). Further, the transparency of 
the mutually active channels (2, 3, 4) are significantly higher at 
VG = −15.5 V than VG = −8.6 V suggesting that the conduction 
channels are not fully open when a new channel becomes avail-
able. Nonetheless, the high transparency of the first and second 
channel in the case of VG = −15.5 V endorses the high quality 
of these heterostructures. Such transparencies can be compared  
to the results of the BTK model,[47] which is often used to estimate 
the average contact transparency of SNS junctions. The same 
VG slices −8.6 V and −15.5 V yield approximate transparencies 
of 60% and 90%, respectively. Though differing from the trans-
parency results of the first channel obtained from the MAR fits, 
a quantitative agreement with the BTK model is obtained by 
taking an average of the transparencies of the first three chan-
nels, giving 60% for VG = −8.6 V and 80% for VG = −15.5 V.

In the ballistic regime, the superconducting coherence 

length of an SNS junction is given by 
v

Sξ
π

=
∆

F  where vF is 
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Figure 5. a) Density plot of differential resistance (dVD/dID) with respect to bias current (ID) and gate voltage (VG) in the superconducting regime 
showing the gate-dependent supercurrent and MAR resonances. b) VD versus ID for four VG slices showing the onset of supercurrent. For comparison 
both Sample 1 (blue curves) and Sample 2 are shown (orange curve). Retrapping (Ir) and critical current (Ic) are labeled. c) G (VD) curves for the same 
VG slices of (b); we see clear conductance peaks which we associate with MAR. The vertical gray dashed lines indicate the expected voltage position 
(Vn = 2Δ/ne) of the first three MAR peaks for Δ = Δ* 185 μeV.
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the Fermi velocity of the semiconductor and Δ is the super-
conducting gap of 220 μeV. Assuming the minimum Fermi 
energy (EF) of 10 meV to be the energy of the first sub-band 
which is estimated from the energy levels of the 1D modes in 
the Ge nanowire due to radial confinement[43] and a maximum 
effective mass of heavy holes mHH of 0.28m0 we estimate a 
minimum v E m= 2 /F F HH  of 1.1 × 105  ms−1. This results in a 
superconducting coherence length of ≈110 nm, which puts the 
system in the short junction limit with LGe ≪ ξS. However, as 
LGe ∼ ℓGe it is difficult to define whether the junction is in the 
clean or dirty limit. Interestingly, the “figure-of-merit” product 
ICRN, where RN is the normal resistance gives 25 μV and 16 μV 
for slices VG = −15.5 V and VG = −8.6 V respectively. For an SNS 
junction in the regime LGe ≪ ξS the gap is related to the ICRN 
product by eICRN = πΔ. The product values are 20 and 30 times 
smaller than Δ suggesting that IC is considerably suppressed 
possibly due to residual measurement noise and/or thermal 
fluctuation at T  = 390 mK overcoming the Josephson energy 


e
I

2
c.

3. Conclusion

We have reported on the low-temperature transport proper-
ties of monolithic Al–Ge–Al NW heterostructures with i-Ge 
segments of lengths of 42 and 37  nm. We have shown that 
the thermal exchange fabrication technique produces hetero-
structures with high material quality, reproducibility, and con-
trollable Ge segments with high transparency of the Al–Ge 
interface (up to 96%). Using a single back gate, we can tune 
the system from a single-hole-filling quantum dot regime with 
charging energies up to 30 meV to a superconducting regime 
with tunable supercurrent up to 10 nA. This tunability facili-
tates the use of our system as a building block for the realiza-
tion of a gatemon. Moreover, the subtle interplay between CB 
and Andreev mediated superconductivity in germanium QDs 
provides rich physics and a promising platform for the study 
of Majorana fermions. These results add further weight to the 
growing evidence that Ge has significant potential as a key 
material in future quantum technologies.

4. Experimental Section
Ge NW Synthesis: The Ge NWs were grown on Si (111) substrates 

using the VLS process with germane (GeH4, 2% diluted in He) as 
precursor and a 2  nm thick sputtered Au layer as the 1D growth 
promoting catalyst. The actual growth was performed in a low pressure 
hot wall chemical vapor deposition chamber at 50 mbar and a gas flow 
of 100 sccm for both, the precursor gas and H2 as carrier gas. After the 
pressure and precursor flow is stable, the temperature was ramped up 
at a rate of 60 K min−1 to the target temperature of 613 K. The rather 
high growth temperature ensures uniform catalyst diameter and good 
NW epitaxy. After a 10 min nucleation phase, the temperature is lowered 
to 573 K. Typical growth duration of 60 min results in 8 μm long NWs 
and uniform diameters of about 25 nm. Subsequently to the growth, the 
NWs were uniformly coated with 20 nm Al2O3 by atomic layer deposition.

Al–Ge–Al Device Fabrication: The starting materials are VLS grown 
intentionally undoped Ge NWs with a diameter of 25 nm enwrapped in a 
20 nm thick Al2O3 passivating shell. The NWs were drop-casted onto an 

oxidized highly p-doped Si substrate and the Ge core NW was contacted 
by Al pads fabricated by electron beam lithography, 100  nm Al sputter 
deposition and lift-off techniques. Prior to the Al deposition a two-step 
wet chemical etching was performed. First, to gain access to the Ge core 
NW the Al2O3 shell was selectively removed by a 22 s dip in BHF (7%). 
Second, to remove the native Ge oxide layer formed underneath the 
Al2O3 shell, a 5 s HI dip (14%) was applied. The Al–Ge exchange reaction 
was induced by rapid thermal annealing at a temperature of T = 674 K in 
forming gas atmosphere and results in the substitution of the Ge core 
by c-Al.[27]

Electrical Characterization: The electrical measurements were carried 
out using a self-built pumped 3He cryostat with a minimum temperature 
of T = 340 mK. Noise filtering was achieved using a room-temperature 
Pi-filter and at low temperature thermal coax of ≈1 m in length. The 
device was measured using a two-probe technique at low temperature 
using both voltage and current biasing techniques with a National 
Instruments PCI DAC/ADC high frequency card. The resistance of the 
fridge wiring was independently measured to be 390 Ω at 390 mK for 
which the data have been corrected for. In the voltage biasing scheme, 
a voltage divider consisting of 50 kΩ/50 Ω was used to reduce the 
amplitude of the voltage source. A Femto variable gain transimpedance 
amplifier (DCPCA-200) was used to convert and amplify the induced 
current to a voltage signal measured by the NI card. In the current 
biasing scheme, a 10 MΩ resistor was used to convert the voltage signal 
to a current signal with a maximum amplitude of 1 μA. The current was 
applied to the sample which was grounded at one end. The potential 
difference across the sample was amplified by two NF Electronic 
Instruments low noise preamplifiers (LI-75A), each of a gain of 100, 
in series. The back-gate was biased using a Yokogawa programmable 
voltage source. Measurements were taken with a range of bias voltages/
currents, gate voltages and gains of the transimpedance amplifier. The 
parameters of each measurement used for discussion in the paper are 
detailed in the Supporting Information.
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