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Abstract
We explore the magneto-conductance of Ge/Si core/shell nanowire quantum dot devices con-
tacted by superconducting leads. Significant magneto-conductance peaks around zero field are
observed and show a periodic modulation with gate voltage as discrete states of the quantum dot
are turned on- and off-resonance with the Fermi energy in the superconducting electrodes. The
ability to create and control coherent transport in superconductor-semiconductor hybrid nanos-
tructures allows for new opportunities in the study of various fundamental competing effects such

as superconductivity and electron-electron interactions.



The novel and fruitful electrical transport phenomena when low-dimensional conductors
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such as carbon nanotubes!®, semiconductor nanowires or graphene are connected
to superconductors have attracted a lot of attentions in recent years. In these nanoscale
devices, transport properties will highly depend on the interplay and competition of vari-
ous mesoscopic effects in the superconducting electrodes and the nanostructures embedded
between them. For a high transparency interface, the electronic transport exhibits Fabry-
Perot interference in the normal state and will be strongly affected by the superconducting
proximity effect, which can be evident from the observation of supercurrent and multiple
Andreev reflections through the device®"1%16. For an intermediately transparency interface,
the interactions between superconductivity and Kondo correlation can be observed®%!3.
For a low transparency interface, a quantum dot will be defined and the superconducting
nature of the electrodes manifests itself through opening a gap in the Coulomb blockade

14 Tt would be highly desirable to explore the last regime mentioned above which

regime
less attention has been paid to. In particular, in previous investigations, magneto-transport
through the sample was typically not studied, whereas it has been proven as an essential

signature for the underlying quantum coherent phenomena?! 23

. Here we report an exten-
sive magneto-conductance measurement of Ge/Si core/shell nanowire quantum dots with
superconducting leads, which provides a promising platform for the study of quantum co-
herent transport in combination with superconductivity'?. We observe a remarkable peak
in the magneto-conductance and dramatic oscillations periodic with the gate voltage when
successive discrete energy levels in the nanostructure are tuned with respect to the Fermi
energy in the superconducting leads. We attribute the enhanced peak to a Coulomb oscil-
lation enhanced Andreev tunneling through the quantum dot, in sharp contrast to being
suppressed as in previous studies.

The devices reported were fabricated on undoped Ge/Si core/shell nanowires grown by

a two-step chemical vapor deposition®*

. Due to the large valence band offset between the
Ge core and the Si shell, one-dimensional hole gas can be confined in the Ge channel.
After growth, the nanowires were solution transferred to a heavily doped Si wafer with
50 nm silicon oxide, which was used as a back gate in the measurement. After locating
the nanowires relative to the predefined markers on the substrate using scanning electron

microscope (SEM), source and drain contacts were patterned by electron-beam lithography.

To remove the native oxide outside the Si shell of the nanowires for good contact, the
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FIG. 1. (Color online) Temperature dependence of the differential conductance through the device
as a function of back gate voltage at magnetic field B = 60 mT. (Upper inset) Experiment setup.

(Lower inset) SEM image of one device (scale bar: 200 nm).

samples were immersed in buffered hydrofluoric acid for 3 seconds. Then 40 nm thickness
of Aluminum (Al) electrodes were deposited. Nearly Ohmic contacts between the Al leads
and the nanowires were obtained without annealing. SEM image of one of our devices is

shown in the lower inset of Fig. 1.

The measurements were carried out in a top-loading dilution refrigerator with an environ-
ment base temperature of 20 mK. In the measurements, we employed the standard AC lock—
in technique with an excitation voltage of 4 uV at 11.3 Hz. As shown in Fig. 1, we observe
clear Coulomb blockade peaks at a wide range of V, in the normal state, which demonstrates
that the hole channel in the nanowires form a small quantum dot in the Coulomb blockade

regime and the energy levels in the dot can be tuned by the gate voltage?.

We then applied a magnetic field perpendicular to both the axis of the nanowire and

the substrate (Upper inset of Fig. 1) and measured the magneto-conductance for a fixed V
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FIG. 2. (Color online) Magneto-conductance for (a) the device L and (b) device H (T" = 50 mK).
(¢) Schematic diagram of the Coulomb oscillation enhanced Andreev tunneling in the nanowire

quantum dot. White open (Blue closed) dots denote electrons (holes).

corresponding to one of the Coulomb blockade oscillation peaks. Two devices, labeled as
L and H, will be discussed here. First, a broad zero magneto-conductance dip with width
of 2B, is observed for device L in Fig. 2(a). Here B. ~ 15 mT is the critical magnetic
field to preserve Al electrodes in superconducting state. Second, the above kind of dip
can still be observed from device H in Fig. 2(b). However in contrast to the device L
case, a remarkable peak around zero magnetic field appears superimposed on the expected
conductance dip. We note the suppression of current at low magnetic field observed in
device L was consistent with previous studies on magneto-conductance phenomena in such
nanostructures!4. On the other hand, the current peak near zero magnetic field observed in

device H has not been reported before. From the conductance values of Coulomb blockade
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FIG. 3. (Color online) Stability diagrams for device L at (a) B =0 mT and (b) B = 100 mT,
and for device H at (¢) B=0mT, (d) B=12mT, and (e) B =60 mT with same color axis.
All data were taken at 7' = 50 mK. The red dashed lines in (a) indicate the current suppression

window due to the superconducting gap 2A 4;. In the light blue (dark black) regions, differential

conductance dI/dV has large (small) values.

peaks in the normal state (|B| > 40 mT region in Fig. 2(b)), we estimate the tunneling rate
between the source/drain lead and the quantum dot to be around 2.5 peV (0.062 peV) for
the device H (L). That is, while the tunneling rates for both devices are smaller than the
superconducting gap 2A 4; ~ 300 neV, i.e. they are in the low transparency regime discussed

earlier, the tunneling rate in device H is much higher than that in device L?°.

More information can be obtained from a measurement of the stability diagram with
varying magnetic field. As shown in Fig. 3 for both devices, the differential conductance
dI/dV is plotted as a function of DC source drain bias voltage Vsp(pey and gate voltage Vj,
at different magnetic fields. The light blue (dark black) regions in these figures represent

large (small) values of differential conductance dI/dV . For device L, the current flow will be
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blocked when the energy difference between the source and the drain is less than the quasi-
particle superconducting gap 2A 4. So in the stability diagram, currents are suppressed
within a window of 4A 4 /e (e is the element charge) at the cross point of two adjacent
Coulomb diamonds, as indicated by the red dashed lines in Fig. 3(a). The current suppres-
sion can be lifted by the application of a magnetic field B > B,, as illustrated in Fig. 3(b).
All these observations are consistent with the previous studies!*. On the other hand, for
the device H it is obvious that the current suppression around zero bias is less pronounced
even at B = 0 mT (Fig. 3(c)). A current suppression window starts to appear, however,
as the magnetic field is increased, and reaches a maximum at B = 12 mT but the size of
the suppression window is still significantly less than 4Ay4; /e (Fig. 3(d)). After B > B,,
this window vanishes as the Al leads collapses into the normal (non-superconducting) state
(Fig. 3(e)).

The unusual magneto-conductance phenomena presented here for device H is clearly dif-
ferent from the ones reported before'*, which implies that a new transport mechanism exists
in this system. Since the magneto-transport shows positive magneto-conductance at very
low field, weak anti-localization could be one possible origination of the zero field peak.
However, based on our previous investigation of weak anti-localization and spin-orbit cou-
pling in this system?”, the enhancement of conductance could not be so strong for a change
of several milliteslas in the magnetic field. Besides, as described below, this feature disap-
pears at temperature 1" larger than the critical temperature of Al: T, ~ 1.2 K, but weak
anti-localization survives even as the temperature goes beyond 100 K. Here, we ascribe the
unusual magneto-transport phenomena to a Coulomb oscillation enhanced Andreev tunnel-
ing through the quantum dot®%. Briefly, the gate voltage tunes the energy levels in the
nanowire quantum dot with respect to the Fermi energy in the superconducting leads. This
discrete state provides an available channel for coupling the superconducting state in the
leads. As shown in the Fig. 2(c), when one hole tunnels in the nanowire and incidents at the
interface of the nanowire and the superconducting drain, it will be reflected as an electron in
the nanowire and also destroys a Cooper pair in the drain due to Andreev reflection?®. When
this electron travels through the nanowire and incidents at the other interface between the
nanowire and the superconducting source, it will be reflected as a hole and create a Cooper
pair in the source. Since the phase coherence length for hole propagation in the nanowire

is comparable to the distance between source and drain contacts'®?7, this process is phase



coherent which can be viewed as a consequence of the diffusion of Cooper pairs throughout
the entire length of the nanowire between the two superconducting electrodes!!. Within
this picture, one may gain at least a qualitative understanding of the features observed in
the magneto-conductance measurement. For example, in Fig. 2(b) there are three distinct
regions labeled as ‘A’, ‘B’ and ‘C’. In region ‘A’, even if there are superconducting gaps
in the source and drain leads, the current can still flow through the device at zero bias
due to Andreev reflection assisted phase coherent tunneling discussed above, leading to an
enhancement in the conductance below the superconducting gap. While in region ‘B’ an
external magnetic field less than B, applied perpendicular to the transport path will break
the phase information during the transport. That causes the phase coherent transport to
be suppressed and results in a decrease of the differential conductance with increasing mag-
netic field. In region ‘C’ a larger magnetic field exceeding the critical field B, destroys the
superconducting state in electrodes so the transport falls to the usual Coulomb blockade

oscillation regime and the conductance recovers to the normal value.

An interesting aspect of this magneto-transport is that it can be strongly modulated
by means of a gate voltage, as shown in the false-color plot of Fig. 4. We find that the
pronounced magneto-conductance feature follows a periodic modulation and can be turned
on or off by the gate voltage. Only if an energy level in the quantum dot is aligned with
the Fermi levels of the source and the drain (indicated as light blue lines in Fig. 4 and
‘ON’ state in the left inset of Fig. 4), a channel could open for the Andreev reflections at
the interfaces of nanowire and Al, therefore the transport could happen. Otherwise, the
transport is dramatically suppressed (indicated as dark black regions in Fig. 4 and ‘OFF’
state in the right inset of Fig. 4). Moreover, it is obvious that the strength of the zero-field
magneto-conductance peak depends on the Coulomb oscillation in the normal state. This
is consistent with the picture that the probability of the Andreev reflection depends on the
effective transparency of the interface, i.e. the overlap of energy levels in the quantum dot

with Fermi levels in the source and drain electrodes®%

. This gate tunable phenomenon is
similar to a supercurrent transistor in carbon nanotubes reported by Jarillo-Herrero et al.?.
In their experiments, the supercurrent and multiple Andreev reflections can be turned on
and off by gating the carbon nanotube at different Febry-Perot interference regions. Notably,
the normal state conductance in the region where the supercurrent was observed in their

device is slightly higher than ours but in the same order of €2/h (h is the Planck’s constant).
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FIG. 4. (Color online) Color-scale plots of the differential conductance as a function of the magnetic
field and the back gate voltage at 7' = 50 mK and zero DC bias. (left inset) Schematic diagram
of the ‘ON’ state, in which an energy level is aligned to the Fermi energies of the superconducting
leads and the Andreev tunneling occur between the leads. (right inset) Schematic diagram of the

‘OFF’ state, in which the current flow is turned off by means of gate voltage.

The key factor which is responsible for the Andreev tunneling in our system is the interface
transparency. The interface in device H is still resistive enough to allow the formation of
a quantum dot in the Coulomb blockade regime but also transparent enough to allow the
Andreev reflection processes. Therefore, in our case the gate voltage tunes the position of
the energy levels of the dot and opens a channel at the position where the Andreev tunneling
is enhanced by Coulomb oscillations. We emphasize that both superconductivity® and the
magneto-transport as we show here exhibit a series of on- and off-resonance modulations
with gate voltage and demonstrate the interplay between different types of electron-electron
correlations such as superconductivity and Coulomb interactions. We also note that two
basic parameters such as interface scattering and the interaction strength in the normal

region are required to provide a qualitatively understanding of the observed new effect?®. In
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FIG. 5. (Color online) Color-scale plots of differential conductance as a function of magnetic
field and DC bias voltage. Data were taken at T' = 50 mK while fixing V}; at one of the Coulomb
oscillation peaks. (inset: Differential conductance as a function of DC bias voltage at zero magnetic

field.)

order to quantitatively understand the experimental results such as the peak amplitudes and
their line shape shown in this work, more modeling parameters and a detailed theoretical

calculation are needed.

Further support of the above interpretation is provided by additional data. In Fig. 5,
the differential conductance dI/dV is plotted against the magnetic field B and the DC bias
voltage Vsp(pey for a fixed V; corresponding to one of the Coulomb blockade oscillation
peaks. In this diagram, it is clearly seen that for ’VSD(DC)’ < 2Ay /e, dI/dV has a local
maximum at zero field and decreases as B increases, then goes up and saturates after
|B| > B.. This feature is not strictly restricted to the zero-bias condition and still be
observed for non-zero bias voltages }VSD(DC)‘ < 2A 4 /e owing to transport via Andreev

tunneling through the excited states. The temperature dependence of the Coulomb blockade
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FIG. 6. (Color online) Plot of magnetic field dependent differential conductances at various of
temperatures. The curves from top to down are taken at 17" = 1400, 1200, 1000, 800, 700, 600, 500,
400, 300, 200, 100, 20 mK, and are vertically shifted for clarity.

oscillations shown in Fig. 1 implies the energy level splitting in the quantum dot is much
smaller than KgT', where Kp is Boltzmann’s constant and 7T is the temperature of charge
carriers. It means that the dot we measured is in the classical Coulomb blockade regime,
where many levels are excited by thermal fluctuations®. Moreover, as shown in the light blue
regions in Fig. 3, the observation that the differential conductance keeps increasing while
Vsp(pc)y increases also indicates tunneling through excited states through the quantum dot.
There are also two faint plateau at |Vsp(pe)| = 2A4/2e = 150 uV and |B| < B. (indicated
by two arrows in the inset of Fig. 5), which correspond to the n = 2 multiple Andreev

scattering3!.

We also tested the device at different temperatures. From the data given in Fig. 6,
we find that the conductance dip due to the superconducting gap collapses and finally

disappears at T" > T, ~ 1.2 K. On the other hand, the Coulomb oscillation enhanced
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Andreev tunneling feature around zero magnetic field vanishes at a much lower temperature
around 7" = 500 mK, at which temperature the superconducting gap in Al starts to decrease
dramatically according to the superconductivity theory®?, and does not show up after 7' >
T.33. These observations confirm that the phase coherent transport is directly correlated to
the superconducting states in the electrodes and is much easier to be destroyed by heating

effect than the superconducting state in Al.

In conclusion, we observed an unusual magneto-conductance peak and its modulation
with gate voltage corresponding to successive Coulomb blockade oscillations in superconductor-
semiconductor hybrid quantum dot devices based on Ge/Si core/shell nanowires. We at-
tributed the experimental phenomena to a Coulomb oscillation enhanced Andreev tunneling
through the quantum dot, which is also phase coherent and can be suppressed by an exter-
nal magnetic field. We end by noting that Ge/Si nanowires provide a potential convenient
system for design of complex hybrid nanostructures, and further investigations are highly de-
sired to explore the properties involving various competing effects such as superconductivity

and electron-electron interactions.
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