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Abstract

Spin qubits in germanium are a promising contender for scalable quantum computers. Reading
out of the spin and charge configuration of quantum dots formed in Ge/Si core/shell nanowires is
typically performed by measuring the current through the nanowire. Here, we demonstrate a more
versatile approach on investigating the charge configuration of these quantum dots. We employ a
high-impedance, magnetic-field resilient superconducting resonator based on NbTiN and couple it
to a double quantum dot in a Ge/Si nanowire. This allows us to dispersively detect charging effects,
even in the regime where the nanowire is fully pinched off and no direct current is present.
Furthermore, by increasing the electro-chemical potential far beyond the nanowire pinch-oft, we
observe indications for depleting the last hole in the quantum dot by using the second quantum
dot as a charge sensor. This work opens the door for dispersive readout and future spin-photon
coupling in this system.

1. Introduction

The interest in group-IV semiconductor spin qubits is large because of their small footprint, a low
concentration of nuclear spins and available knowledge about their production in semiconductor

industry [1-5]. By integrating on-chip superconducting resonators, strong spin-photon coupling has been
demonstrated for spins of confined electrons in a Si two-dimensional electron gas [6, 7]. Hole spins may
offer the additional advantages of improved relaxation and decoherence times as they lack a valley
degeneracy and exhibit a reduced wave-function overlap with nuclear spins [8, 9]. Especially, holes in
one-dimensional Si or Ge nanowires [10—12] are of a special interest because they possess strong spin—orbit
interaction [13-15]. The spin—orbit interaction potentially simplifies qubit control and coupling to
resonators by electric-dipole spin resonance [16, 17]. It thereby releases the need of implementing
micromagnets and hence facilitates scaling-up.

Recently, the coherent manipulation of a hole-spin qubit in a gate-defined double quantum dot (DQD)
in a Ge/Si core/shell nanowire has been demonstrated [18]. However, in these experiments both the charge
and the spin-state of the DQD were determined by direct current measurements. This technique limits the
capability of determining the total number of holes present in the nanowire. Furthermore, it requires long
integration times and severely limits the maximum cycle length in pulsed-gate experiments.

Rather than measuring the current through the Ge/Si core/shell nanowire DQD, pioneering works have
employed another quantum dot to determine changes in the charge-occupancy of the DQD and to perform
spin readout [19, 20].

© 2023 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Device overview. (a) Schematic of hybrid resonator architecture. NbTiN is shown in dark blue, the Si substrate is shown
white. The feedline on the left is used for reading out the notch-type coplanar-waveguide half-wave resonator which is dc biased
at its voltage node in the center. Additional dc lines are used for sending current through the nanowire and applying gate voltages
on all bottom gates. (b) False colored scanning electron micrograph of a similar device with Ge/Si nanowire lying on top of
bottom gates covered with HfO,. The gate colored red is connected to the resonator. (c) Transmission (phase and magnitude)
through the feedline as a function of frequency close to the resonator frequency. The solid blue curve indicates a fit from which we
extract the resonance frequency and estimate the quality factor (see main text).

A different approach for measuring the DQD is realized by probing a resonator coupled to the source
contact of a DQD [21-23]. This approach is further simplified by connecting the resonator to a plunger gate,
performing gate-dispersive sensing [24]. This technique has enabled measurements of the relaxation and
dephasing times of hole spins in a Ge/Si core/shell nanowire DQD using a lumped-element resonator [25].
First attempts of coupling Ge/Si nanowires to on-chip superconducting resonators were based on
low-impedance resonators with a weak charge-photon coupling and in a regime of many holes present in the
nanowire [26].

In this work, we extend the existing measurements by coupling one of the two quantum dots to a
high-impedance superconducting resonator, see figure 1. The used coupling scheme allows us to detect
charging in the other dot by means of capacitive charge sensing [27-30]. We map the charge-stability
diagram using both, direct current measurements and resonator spectroscopy. Furthermore, we gate the
nanowire to a regime of low hole occupancy where no direct current through the nanowire can be observed
(pinch-off). In this regime, the resonator spectroscopy signal reveals the presence of several more holes in the
investigated dot. Finally, by further increasing the gate voltages, we find indications of the depletion of the
last hole in the investigated dot.

2. Device description

An overview of the device under investigation is shown in figures 1(a) and (b). The device consists of a
hybrid resonator-nanowire architecture. A notch-type half-wave (A/2) resonator with a central frequency
fr = 3.1 GHz is defined in a NbTiN film of thickness ~10 nm, center conductor width of ~370 nm and a
distance between center conductor and ground plane of ~35 pm. The resonator is capacitively coupled at a
voltage anti-node to a feedline which is used for resonator readout. At the middle of the center conductor
(voltage node), the resonator is dc biased. In front of the dc bias pad, a meandered inductor ensures
sufficient frequency detuning between the A /2 mode and a second, quarter-wave mode that forms due to the
T-shaped section of the resonator. Thereby, microwave-leakage through the dc bias line is reduced [31]. The
resonator’s second voltage anti-node is galvanically connected to one out of five bottom gates. The bottom
gates are fabricated by Ti/Pd sandwiched by HfO, grown using atomic layer deposition. The gates have a
width of approximately 25 nm and the gate pitch is 50 nm. On top of the bottom gates a Ge/Si core/shell
nanowire is deterministically placed using a micromanipulator, see figure 1(b). All presented measurements
are performed in a dilution refrigerator at a base temperature of 35 mK.

The transmission S; through the feedline in proximity to the notch-type resonator as a function of
frequency f is given by [32, 33]

_ e@/ (1 + Qc/Qloss)
1+2i (f/f; = 1)/ (1/Qc+1/Quoss) |

Su (f) _ aeiae—Zﬂ'ifT

where a, o and 7 account for the microwave propagation through the wiring in the cryostat and the
resonance is described by its resonance frequency f;, the coupling quality factor Q. and the loss quality factor
Qioss- The term ¢'® accounts for the Fano shape of the observed resonance arising from impedance
mismatches in the feedline coupled to the resonator [34].
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We identify the resonance of the superconducting resonator at around 3.1 GHz by considering its
temperature dependence. The measured transmission (phase and magnitude) through the feedline around
resonance is shown on figure 1(c). The signal is superimposed on a large standing-wave background (see
figure 6 in the additional data.) which we attribute to an impedance mismatch between the feedline and the
50 €2 environment of the cryostat. Despite the large fluctuations in the transmission magnitude, we are able
to fit the phase of the transmission (solid, blue curve in figure 1(c) and extract the resonance frequency
fr = 3.111 GHz, and estimate the Q factors Q. ~ 600 and Qjoss = 600. The uncertainty in these values
originates from the large standing wave background.

We perform a finite-element simulation of the resonator using Sonnet and recover the resonance
frequency of the central mode of the resonator half-wave mode when taking into account a sheet kinetic
inductance of 70 pH/[J. Together with the stray line capacitance of 75 pF m™!, this corresponds to a
resonator impedance of 1.6 k{2, much larger than the standard 50 €2, hence improving the coupling strength
between resonator and DQD [35, 36]. We attribute the rather low Qs to microwave leakage from the
resonator to the dc lines via capacitive coupling through the set of bottom gates [37]. Indeed, using Sonnet,
we estimate the mutual capacitance between two neighboring bottom gates to be Cyy = 800 aF. In future
works, the mutual capacitance can likely be decreased with an optimized gate geometry and the resulting
microwave leakage might be further reduced via improved filtering of the dc lines [31, 37].

3. Charge sensing

Due to the Fermi level pinning stemming from the staggered Si/Ge band-gap alignment, the Ge/Si core/shell
nanowire is a hole conductor. Therefore, by applying positive gate voltages, we define the barrier potentials
on the gates g;, g3 and gs. This gives rise to the confinement potential of two quantum dots whose
electrochemical potentials are tuned by the gates g, and g, [38].

In the following, we investigate the charge degree of freedom in two different confinement
configurations. By doing so, we do not consider the spin degree of freedom which might result in Pauli
blockade for some configurations. The first configuration is schematically depicted in figure 2(a). Here, two
fairly symmetric quantum dots, the left (L) and the right (R), are formed between the gates g1 and g3 and
between the gates g3 and g5. In this configuration, each dot couples to its respective neighbors as shown on
the sketch in figure 2(a).

In figure 2(b), we plot a measurement of the direct current through the nanowire Iy4 as a function of the
voltages on gates g2 and g4. Because of Coulomb blockade, we measure a finite current through the nanowire
only at the triple points at which the electrostatic potential of both dots is aligned with the electrostatic
potential of the leads. By connecting the triple points (dashed white lines in figure 2(b)), we find the
charge-stability diagram in the shape of a honeycomb pattern [39].

Simultaneously to measuring the current through the nanowire, we send a microwave signal through the
feedline at a frequency close to the resonance frequency f,. We perform dispersive gate sensing by measuring
the phase change of the transmitted signal and plot it in figure 2(c) as a function of gate voltages. As the
resonator is capacitively coupled to the quantum dots via one of the plunger gates, it is sensitive to their
effective admittance [40—42]. Therefore, by sending a signal through the feedline at a frequency close to the
resonator frequency, changes in the transmission amplitude and phase can be detected when the quantum
dot admittance changes. Indeed, we note that in the plotted phase response, one can clearly identify the
honeycomb pattern of the charge-stability diagram. Whenever the electrochemical potential between a dot
and its respective lead, or between the two dots, is aligned, a shift in the phase response is observed. This
phase response originates from the sensing of first-order hole tunneling without any charge transfer between
source and drain. This explains why the lead-to-dot resonances are visible while co-tunneling, that would
result in a non-zero current, is suppressed (compare e.g. figures 2(b) and (c)). The charge-stability diagram
that we gain from both dc and rf measurements are well described by a capacitance model [39]. By
considering the change of the number of electrons when changing the gate potentials and using the
source—drain bias triangles as an absolute energy scale, we fit the data according to the recipe described in
appendix A of reference [43]. We extract the capacitances that are specified in table 1.

After, having demonstrated the possibility of detecting the charge-stability diagram by means of
resonator spectroscopy, we tune the DQD system into the configuration which is schematically depicted in
figure 2(d). The main difference to the previous configuration is the larger voltage on the gate g2, while the
barrier gate voltages Vg and Vg3 are not changed significantly. This corresponds to a geometrically smaller
dot L with a lower number of holes. Hence, the tunneling rate #; between the source and dot L, as well as the
inter-dot tunneling rate #); are reduced. In this configuration, it is therefore not possible to measure these
transitions using resonator spectroscopy. However, since Vg5 = 9.0 V in both configurations, the remaining
tunnel rate tg is, in first order, not affected, enabling us to use the dot R as a sensor for tracking Coulomb
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Figure 2. Charge sensing. (a) Schematic of the gate-defined double quantum dot and the relevant tunnel couplings between dots
and leads. (b) Logarithmic current, 4, through the nanowire exhibiting the position of triple points. Here, the bias voltage is
Visa = 400 11V and the values of the other gate voltages are Vg = 3.2V, Vg3 = 1.175V, Vs = 9.0V (c) Phase difference, Ay of
the resonator spectroscopy acquired at the same time as (b). Tunnel couplings depicted in (a) cause a phase shift of the resonator
when any potentials of the system are aligned, as indicated by the colored double arrows corresponding to the tunnel transitions
in (a). (d) Schematic of double quantum dot for a more isolated configuration. (e) and (f) correspond to (b) and (c) for the
configuration depicted in (d). Solid, green lines in (f) indicate discharging lines of dot L. Here, the values of the other gate
voltages are Vg1 = 3.2V, Vg3 = 1.15V and Vg5 = 9.0 V. The bias voltage is V,g = 4mV and therefore bias triangles appear larger
in (f) compared to (b). The microwave power at the input of the feedline is ~ — 60 dBm for both measurements.

Table 1. Gate-to-dot capacitances, where C; 4; is the capacitance between gate gi and dot j (i € {2,4} and j € {L,R}). Cx j denotes the
total capacitance of dot j and Cy is the dot’s mutual capacitance.

(2a, b, ¢) (2d, e, 1)
Ce,ar (aF) 3.440.4 5.440.8
Cea,ar (aF) 0.24+0.4 0.8+0.7
Cs L(aF) 51419 15+7
Co2,ar (aF) 0.4+0.4 0.1+£0.6
Caa,ar (aF) 41405 41405
Cs r (aF) 57420 20412
Cum (aF) 17438 8+5
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Figure 3. Nanowire pinch-off. Top panel: map of dc current through the nanowire as a function of gate voltages Vg and Vi,
eventually vanishing completely above Vy ~ 3V as the nanowire is pinched off. The positions at which dot 1 is resonant with the
lead are highlighted with green, dashed lines. Bottom panel: simultaneously measured resonator spectroscopy, d¢/9Vg4. The
resonator spectroscopy shows the same resonance conditions as in the top panel (green, dashed lines). However, additional
transitions are observed (green, solid lines). Gate jumps are marked with vertical, black, solid lines. In this measurement, the
other gate voltages are Vg1 = 3.2V, Vg3 = 1.1V and Vs = 9.0V and the bias voltage is Vi¢ = 2 mV and the readout frequency is
fio = 3.1259 GHz.

resonances of dot L [27-30]. When we progressively deplete dot L, the tunneling rate between the sensor dot
and the drain always remains similar to the resonator frequency. This allows us to track discharging lines of
dot L despite the fact that the tunneling involving dot L happens at much lower frequencies and can therefore
not directly be detected by dispersive resonator sensing.

Figure 2(e) shows the current through the nanowire in this configuration. We are still able to identify the
locations of the triple points in the conductance measurement and calculate the capacitances as given in
table 1. Comparison of the conductance with the phase response in figure 2(e) shows that the transmission
through the feedline clearly exhibits a change in phase whenever the electrochemical potential of the sensor R
is resonant with the one in the drain. We note characteristic jumps in the observed resonances. These jumps
correspond to discharging of a hole in the dot L. Therefore, by interconnecting jumps (green lines in
figure 2(f)), we determine the Coulomb resonances of the dot L.

The top panel of figure 3 shows the current through the nanowire in a large range of Vi, in the same
configuration as figure 2(d). Coulomb resonances of the dot L that are observable in the current are
highlighted by dashed, green lines. We note that when considering only the current, the largest gate voltage,
at which a Coulomb resonance of dot L is observed, is Vi < 3 V. When examining the simultaneously
measured resonator response in the bottom panel of figure 3, we identify several transitions that correspond
to the sensor being in resonance with the drain. Here, for better visibility, we plot the derivative of the phase
response with respect to the gate voltage Vg4. Removing a hole from dot L results in a kink in all of these
parallel sloped lines, because of the dots mutual capacitance. Therefore, by interconnecting these kinks, a
Coulomb resonance of dot L is found. We identify several more Coulomb resonances of the dot L than in the
dc measurement. Note that the observed Coulomb resonances, highlighted by solid green lines, have a finite
slope of m = AV /AVy, =~ —18 because of a finite capacitance between gate g4 and dot L. The slope
corresponding to these transitions changes for voltages Vy, 2 3.4 V. This might be related to an (imperfect)
potential landscape that makes the dot move to another equilibrium position below a certain number of
holes. The slope corresponding to the last transition is m = AV /AV,, ~ —3.9 and remains the same
subsequently, as shown in figure 4.

Inadvertent charge switching events occurring during this measurement can be rather easily identified
because they happen suddenly, at a time scale smaller than the acquisition time of a single data point. Such a
single event appears as a (vertical) jump in gate voltage shifting the data along the entire axis, which we refer
to as a gate jump from here on. Some of these gate jumps are indicated by vertical, black lines in the figures
(e.g. around V,, ~ 2.2V in figure 3). Even for gate voltages V,, much larger than the nanowire pinch-off
current at 3V, several Coulomb resonances are found which cannot be identified when only considering the
current through the nanowire. We note that in the lower panel of figure 3, several horizontal features without
any kinks are visible. These are interpreted to originate from impurities coupling to the resonator,
independent of the quantum dots.

Finally, with the goal in mind to deplete the last hole from dot L, we tune the gates into a third
configuration in which we increase Vy; from 3.1V to 5.8 V. In this configuration, the nanowire is fully
pinched-off and a direct current cannot be measured. In figure 4, we plot the derivative of the phase on the
resonator signal with respect to the gate voltage Vi, as a function of Vy; and V. Once again, we identify
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Figure 4. Indications of last hole depletion. Resonator spectroscopy, ¢ /0Vy as a function of gate voltages, Vg, Vg4. Resonances
correspond to right dot-right lead transition and characteristic discontinuities correspond to hole discharging from the left dot.
For gate voltages, Vi > 4.9V, no further regular discontinuities are observed. Instead, random jumps dominate the signal
indicating that the last hole has been depleted. The number of holes in the right dot is indicated by a number at the top of the
graph. Data repetition due to gate switchers has been omitted in the graph (see supplementary). Here, the other gate voltages are
Vg1 = 3.2V, Vg3 = 1.1V and Vg5 = 9.0 V. The source drain bias voltage is Vg = 2 mV and the readout frequency is

fio = 3.1259 GHz.

resonances corresponding to tunneling between dot R and the drain. When connecting the characteristic
shifts of these resonances, we obtain the parallel discharging lines (solid, green lines in figure 4) of the dot L.
Here, the criterion for identifying a discharging line of dot L is that all sloped lines exhibit a similar
characteristic shift originating from the dots’ mutual capacitance.

Since we work with larger gate voltages and thus a decreasing number of charges present in the wire,
there is less screening and the wire becomes less stable, suffering from several gate jumps. These gate jumps
result in shifts along the V;-axis towards less positive voltages. In order to focus on the physics that
corresponds to discharging of the dot L, those shifts are removed in figure 4 where the removed regions are
also clearly marked. For completeness, the full data set can be found in figure 7 in the additional data. In
figure 4, we observe a total of four sloped, parallel lines; each corresponding to discharging of a single hole
from the dot L. The last charging line is found at Vg = 4.90 V, showing the position of the 1 to 0 hole
transition in dot L, while the penultimate charging line is observed at V,; = 4.2V (bottom axis) indicating
the 2 to 1 hole transition. We note that even after subtracting the additional voltage range, because of shifts
along the Vj,-axis due to gate jumps, the effective voltage distance between these two lines is
AV =~ 370 mV, much larger than the distance between any two previous discharging lines.

For voltages larger than Vg, = 4.80V, beyond the last observed discharging line, the amount of gate
jumps increases drastically. They randomly shift the observed resonances in the gate-gate map and yield
vertical disruptions of dot-lead resonances, even within a single vertical gate sweep (fast scan axis). We
therefore conclude that they correspond to the random charging and discharging of unwanted charge traps
in proximity to the nanowire. The sudden increase in the amount of gate jumps is attributed to the depletion
of the last hole from the left dot resulting in a lack of screening from the charges in this dot. The absence of
any further dot discharging lines appearing with a slope can give some confidence that indeed, the last hole
was depleted from the left dot. We speculate that after depletion of the last hole from the dot, the sensor is
more susceptible to unwanted charge traps as the screening by dot L vanishes. Hence, the increase of random
gate jumps is consistent with the interpretation that the discharging line at Vg = 4.80 V may correspond to
discharging of the last hole.

To conclude, we demonstrate charge sensing of a Ge/Si core/shell nanowire DQD by using a
superconducting, high-impedance, on-chip NbTiN resonator. Using bottom gates, we are able to define a
DQD in the nanowire and consistently map the characteristic charge-stability diagram by both direct current
measurements and resonator spectroscopy.

By changing the electrostatic potentials on the gates, we tune the DQD into a regime of a more isolated
dot and a second, sensor dot which together with the resonator, we employ as a charge sensor of the first dot.
By increasing the gate voltages, we consecutively deplete holes from the dot. We find that even in the regime
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where no current through the nanowire could be detected, because it is pinched-off, the sensor reveals
several more hole discharging events while increasing the gate voltages. Finally, we find indications of the
depletion of the last hole from the nanowire. Our measurements confirm that observing only the direct
current through these type of nanowires is not a sufficient criterion for counting the absolute number of
holes present in a quantum dot in Ge/Si core/shell nanowires.

The circuit-quantum electrodynamics architecture presented in this manuscript lays the foundations for
realizing coherent charge-photon and spin-photon coupling based on semiconductor nanowires.

Looking forward, the presented measurements bring up two challenges: the relatively low quality factor
of the resonator and the large amount of gate jumps in the double dot. We expect that a reduction of the
gate—gate and resonator-feedline capacitances will result in resonator quality factors by an order of
magnitude larger. Moreover, we expect that the charge stability of the nanowire can be enhanced by
improving its dielectric environment [44]. This will reduce the amount of gate jumps which inhibited using
the nanowire as a spin qubit in the presented work. Because similar nanowires as used in this work have been
employed as spin qubits [18], we anticipate that the improvements on the resonator in combination with an
electrostatically more stable nanowire will enable strong charge-photon and coherent spin-photon coupling
in Ge/Si core/shell nanowires based on intrinsic spin-orbit interaction. A similar achievement has recently
been realized in other material platforms [45, 46] constituting a milestone towards scalable quantum
information technology.
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