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Building a practical quantum processor involves integrating millions of physical qubits along with the neces-
sary components for individual qubit manipulation and readout. Arrays of gated silicon spins offer a promising
route toward achieving this goal. Optimized radio frequency resonators with high internal quality factor are based
on superconducting inductors and enable fast spin readout. All-electrical spin control and gate-dispersive readout
remove the need for additional device components and simplify scaling. However, superconducting high-Q tank
circuits are susceptible to crosstalk-induced ringup from electrical qubit control pulses, which causes fluctuations
of the quantum dot potential and is suspected to degrade qubit performance. Here, we report on the coherent
and all-electrical control of a hole spin qubit at 1.5 K, integrated into a silicon fin field-effect transistor and
connected to a niobium nitride nanowire inductor gate-sensor. Our experiments show that qubit control pulses
with their broad range of higher harmonics ring up the tank when the control pulse spectrum overlaps with the
tank resonance. This can cause a reduction of the readout visibility if the tank ringing amplitude exceeds the
excited state splitting of the quantum dot, lifting Pauli spin blockade and thus leading to state preparation and
measurement errors. We demonstrate how to circumvent these effects by engineering control pulses around the
tank resonances. Importantly, we find that the ringup does not limit the spin coherence time, indicating that
efficient high-Q resonators in gate-sensing are compatible with all-electrical spin control.

DOI: 10.1103/PhysRevResearch.7.013197

I. INTRODUCTION

Scaling semiconductor spin qubit processors is a chal-
lenging endeavor but has recently accelerated [1–4]. The
compatibility with industrial manufacturing [4] in concert
with the small qubit footprint and operation at liquid helium
temperatures [5–9] position silicon (Si) and germanium (Ge)
spins at the forefront of these efforts. Recently, emphasis has
been placed on the intricate interplay of device architecture
and performance with qubit control schemes [8–12], heating
[13] and crosstalk effects [14–16]. A particular challenge lies
in the integration of dedicated structures for spin readout
and qubit control. Additional on-chip components beyond the
qubit-defining gate electrodes such as single electron transis-
tors for readout [2,3,8,17] and microwave striplines [8,18] or
micro magnets [3,4,19] for spin manipulation create unde-
sirable overhead which impedes scalability, connectivity, and
qubit density.

Electrical spin control approaching GHz Rabi frequencies
[20–22] and µs coherence times [2,23] has been achieved
for hole [7,24] and electron [25] Si spins and for holes in
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Ge [2,20,26]. The qubit is driven directly from a nearby gate
thanks to the intrinsic spin-orbit interaction (SOI) [2,7,20,25].
Similarly, gate-dispersive sensing implements in-situ qubit
readout [27–30] using gate electrodes as spin probes. The
parasitic capacitance Cp of the sensing gate and other circuit
components together with an off-chip inductor L form a radio
frequency (RF) resonator (tank circuit) whose resonance is
sensitive to the qubit state [29]. Combining all-electric qubit
control and gate-sensing is a key step towards realizing a
scalable architecture with high connectivity [23,31]. High
readout sensitivities and speeds are achieved by increasing
the internal quality factor Q of the tank circuit which ap-
plies to all RF-based readout schemes [29,32]. An appealing
approach utilizes superconducting nanowire [33,34] or spiral
[30,35,36] inductor with a high kinetic inductance to boost Q,
significantly outperforming conventional low-Q tank circuits
in terms of readout speed [29,30,36].

Recent Si hole spin qubit experiments [7,37] did not in-
clude a gate sensor and to date, there are no reports of
all-electrical coherent spin control in the presence of such a
high-Q resonator. Recent experiments with niobium nitride
(NbN) nanowire inductors have shed light on one potential
reason for this gap [16], though without achieving coherent
control of the spin: capacitive crosstalk between qubit bond
pads has been shown to promote resonator ringup if spectral
components of the qubit drive pulses overlap with the tank
circuit resonance. This ringing manifests as a broadening of
the quantum dot charge transitions [16] and is thus expected to
modulate the background leakage current in a transport-based
spin readout scheme [7,37]. Hole spins with strong intrinsic
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SOI [2,7,20] and electrons with artificial SOI [3,4,19] may
be particularly vulnerable to such resonator ringing because
the ringup-induced gate voltage fluctuations couple strongly
to the spin [9,25,38,39]. Tank ringing can impact the qubit
measurements in two ways: (i) by increasing spin dephasing
and (ii) by decreasing the success rate of qubit initialization
and measurement, thus reducing the readout contrast. This
raises the question: are all-electrical spin control and high-Q
readout resonators mutually exclusive?

Here, we demonstrate all-electrical spin control of a
hole spin qubit in a Si fin field-effect transistor (FinFET)
[7,37,38,40] at 1.5 K, using a NbN nanowire inductor con-
nected to the qubit’s plunger gate to form a tank circuit
with Q � 1′000 [16]. We thus show that high-Q resonators
are compatible with purely electrical qubit operation. This
configuration serves as a proxy of a qubit unit cell with min-
imal on-chip overhead. We first investigate the mechanism
by which resonator ringing affects spin qubit operation. For
this purpose, a low-Q tank circuit is attached to the qubit
and coherently pumped at the tank resonance frequency. We
then replace the tank with a high-Q resonator and observe
crosstalk-induced ringup caused by qubit control pulses. The
high-Q tank can be excited at its resonance frequency f0 =
276.4 MHz and at higher modes in the GHz regime. Despite
this ringup, we find conditions for which qubit control is suc-
cessful without compromising coherence or transport-based
readout contrast.

We identify ways to navigate qubit control pulses around
high-Q tank circuit resonances to prevent state prepara-
tion and measurement (SPAM) errors caused by resonator
ringing. These strategies are universally applicable to other
charge sensing approaches which feature high-Q inductors
[36,41–43]. Low-frequency gate pulses (baseband pulses)
generate resonator ringing over a broad range of pulse du-
rations. Our results are thus particularly relevant for qubits
which require complex sequences of baseband pulsing on
many gates [11,44–46].

II. EXPERIMENTAL SETUP AND RINGUP HYPOTHESIS

The FinFET devices are fabricated using a self-alignment
protocol yielding two gate layers with intrinsically perfect
layer-to-layer alignment [40]. Figure 1(a) shows a device with
the key circuit components. The central barrier gate (B) con-
trols the interdot tunnel coupling and has a larger lever arm
αB � 0.2 than the two plungers αP � 0.05 (P1, P2). A generic
experimental setup for simultaneous electrical spin control
and gate-dispersive readout of one qubit comprises at least one
drive and one readout line (see Appendix C for the detailed
setup). On each line, a direct current (DC) voltage can be com-
bined with a high frequency signal via a bias tee. In addition,
the readout line features a tank circuit whose Q is limited by
internal losses. The orange boxes in Fig. 1(a) represent the
two types of tank circuits used in the following: (i) a low-Q
(Q � 100) tank featuring a commercial wire-wound surface
mount inductor (upper box), and (ii) a high-Q (Q � 1′000)
tank based on a NbN nanowire inductor (lower box) [16]. The
bond pads (150 × 150 µm2) of the FinFET device capacitively
couple next neighboring gates with a crosstalk capaci-
tance Cct1 ∼ 10 fF and second-next neighboring gates with

(a)

(b) (c)

(e)(d)

FIG. 1. Experimental setup and spectral overlap (a) A false-
colored transmission electron microscopy image of a FinFET 2-qubit
device with circuit components is depicted. Two spins are accumu-
lated in the silicon fin (brown) using DC voltages on two plunger
gates (P1, P2) and a barrier gate (B). Drive lines are shown on P1
and B as well as a readout line connected to P2. Low-Q (high-Q)
tank circuits are indicated by the symbol in the upper (lower) orange
box on the left. Capacitive crosstalk (Cct1/2) leads to tank ringup
from pulses applied to a drive gate. (b) The magnitude of the re-
flection coefficient |�11| of a high-Q tank circuit was simulated and
features the tank resonance frequency f 0 and higher modes. (c) A
typical qubit drive sequence is composed of a symmetrical baseband
square pulse (light blue) and a qubit drive pulse (dark blue). (d)
The baseband pulse spectrum contains odd harmonics of order n
which are suppressed by 1/n and can match f 0, causing ringup.
(e) The analytical spectrum of a single qubit drive burst exhibits a
characteristic sinc-shape. Resonator ringup occurs via the higher tank
harmonics because f drive � f 0.

Cct2 ∼ 1.5 fF [16]. Qubit control pulses applied to a drive line
thus leak to the neighboring gates such that the tank circuit
rings if spectral components of the control pulse overlap with
the tank resonance.

We qualitatively investigate the conditions for which tank
ringup is expected. The tank circuit has a fundamental
resonance frequency f 0 = (2π

√
LCp)−1. Superconducting in-

ductors can also have higher harmonics, as seen in the
simulated tank reflection coefficient magnitude |�11| (red)
shown in Figs. 1(b), 1(d), and 1(e), which can be explained
by waveguide-like modes [47] (see Appendix A for a model).
An idealized version of the most basic qubit control pulse is
illustrated in Fig. 1(c) and consists of two components: i) the
light blue baseband square wave of duration tCB pulses the
qubit from the readout/initialization point to the manipulation
point in gate space, where ii) the dark blue pulse at the drive
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frequency f drive rotates the spin during the burst duration
tburst. The qubit is read out by measuring the spin-dependent
leakage current through the device using Pauli spin blockade
(PSB) [7].

Both pulse components can cause tank ringing, but in
different frequency regimes. Since the baseband fundamental
frequency f bb = (2tCB)−1 is one to two decades lower than
f 0, higher harmonics of the baseband square pulse excite the
tank if

f 0 = n · f bb = n

2tCB
(1)

is satisfied for odd integers n [16]. An example spectrum
is shown in Fig. 1(d) (light blue). Note that the magnitude
of the higher harmonic components decreases with 1/n. The
spectrum of a qubit drive burst is a sinc pattern centered
around f drive as presented in Fig. 1(e) (dark blue). If the
tank has higher modes, qubit driving can ring it up even for
f drive � f 0, which is typically satisfied for spin qubits (see
Appendix A for details of the spectra).

III. EXPERIMENTAL RESULTS

A. Impact of tank ringing on a spin qubit

We first investigate the effects of tank ringing on a hole
spin qubit by directly pumping a low-Q tank circuit through
the readout line as shown in Fig. 2. We expect no significant
crosstalk-induced resonator ringup for the tank with Q � 100
due to the large Cp � 1 pF [16] and because the decay of the
excitation occurs on the time scale t ringdown � Q/ f 0 � 300 ns.
The tank is connected to gate P2 of FinFET device A and
we focus the following investigations on the spin which is
closest to P2. This maximizes the impact of the tank ringing
on the qubit. As shown in Figs. 2(b) and 2(c) the qubit can
be coherently driven from P1 at 1.5 K with the spin dephasing
time T ∗

2 = 147 ± 13 ns at Rabi frequency fRabi = 12.5 MHz,
in line with previous reports [7].

Pumping the tank at power Ptank leads to a broadening of
the quantum dot charge transitions as seen in Fig. 2(d). The
ringing amplitude reaches several mV [16]. We extract qubit
properties by driving the qubit for a long time tburst � T ∗

2 and
at low drive amplitude. In this regime, the EDSR linewidth
is coherence-limited and we can extract T ∗

2 as well as the
resonance amplitude I0,EDSR (i.e., readout contrast) [19,48].
The fits and results are presented in Figs. 2(e)–2(g).

I0,EDSR remains constant up to Ptank � −18 dBm (red
line). This is exactly the power at which the ground (faint
feature at V P2 � −2.45 V) and excited state (dark feature at
V P2 � −2.48 V) cross in Fig. 2(d) due to broadening, indi-
cating that the voltage oscillations on P2 are sufficient to
overcome the excited state splitting. For even higher powers,
I0,EDSR decreases monotonically and approaches a minimum
close to the noise floor above Ptank � −10 dBm (yellow line).
Note that the T ∗

2 extracted from the linewidth remains constant
within errors throughout this range, agreeing well with the
Ramsey experiment (purple line) (see Appendix B for the fit
functions).

We conclude that resonator ringing is not limiting the co-
herence of our qubit. Intuitively, the crossing of the ground
and excited state charge transition represents the point where

 Γ11 Ptank

Q ~
100

dev A

(a) (b)

(d)
(c)

(e)

(g)

(f)

FIG. 2. Qubit coherence and readout with a pumped low-Q tank.
(a) The setup with a low-Q tank circuit on P2 of device A is shown.
(b) A Rabi chevron and (c) Ramsey trace of the qubit under P2
establish coherent spin control, yielding the spin dephasing time
T ∗

2 = 147 ± 13 ns and a Rabi frequency fRabi = 12.5 MHz. (d) Res-
onantly exciting the tank circuit at f 0 and power Ptank (measured at
the output of the control electronics) through the input of the readout
line causes broadening of the charge transitions. The qubit readout
position is close to the ground state transition at V P2 � −2.45 V and
the excited state charge transition lies at V P2 � −2.48 V. At Ptank �
−18 dBm, the two charge transitions cross (red line). (e) Fitting the
EDSR line in the coherence-limited regime tburst � T ∗

2 as a function
of tank pump power yields (f) the readout contrast I0,EDSR and (g) the
qubit coherence T ∗

2, agreeing with the Ramsey experiment (purple
line). Above the power where the charge transitions cross (red line),
the readout contrast decays strongly until Ptank � −10 dBm (yellow
line). Despite this decrease in readout contrast, T ∗

2 remains constant
within the error range. Error bars indicate the 1-σ fitting uncertainty.

state leakage out of PSB is possible during the readout and
initialization phase. The blocked spin can access the blockade-
lifting excited state, thus incurring a SPAM error and lowering
I0,EDSR.

B. Crosstalk-induced ringup and qubit coherence

We now swap the inductor on device A to a high-Q super-
conducting NbN nanowire with a nominal inductance of L =
1 µH [16], connecting it to P2 as shown in Fig. 3(a). The tank
resonance depicted in Fig. 3(e) with f 0 = 276.4 MHz implies
a parasitic capacitance Cp = 0.332 pF. After the thermal cycle
and re-bonding we operate the qubit in a very similar regime
in gate voltage space but observe an overall reduced readout
contrast (see Appendix E 1 for a comparison of Rabi scans
with the low-Q and high-Q resonators).

The left panel of Fig. 3(b) shows the EDSR resonance of
the qubit as a function of tCB, measured with tburst = 40 ns
which corresponds to a π pulse on resonance. In the right
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(a) (c)

(d)
(b)

(f) (g)

(e)

FIG. 3. High-Q tank ringup and qubit coherence. (a) Schematic setup with a high-Q tank circuit connected to gate P2 of device A. (b) The
qubit resonance in IEDSR (left panel) and offset current �ISD (right panel) was measured as a function of tCB with tburst chosen such that the spin
is flipped on resonance. Line cuts of the two maps on the qubit resonance [arrows in (b)] are shown in (c) and, focusing on the first 26 ns, in (d).
IEDSR (blue) shows a characteristic decay with tCB which is captured well by the fit (turquoise), taking into account the experimental repetition
rate f bb and efficiency ηEDSR. Additionally, IEDSR dips significantly below this trend for specific tCB values, accompanied by a sharp increase
in �ISD (grey). These features are independent of f drive. From the tank resonance shown in (e) (phase in inset) the resonance frequency f 0

is found. Odd harmonics of order n of the baseband pulse match f 0 for specific tCB [orange lines in panel (d)] which agree excellently with
the dips in IEDSR and peaks in �ISD given the resolution limit of 1 ns. (f) The fitted amplitudes of Ramsey traces I0,Ramsey as a function of tCB

follow a decay similar to IEDSR with ηRamsey. Imposing a threshold (pink dashed line) identifies tCB with significant ringing (pink). (g) Fitted
T ∗

2 with colors corresponding to (f).

panel, we depict the simultaneously measured source-drain
offset current �ISD (for details on the measurement scheme,
see Appendix D 1). Line cuts which were recorded with a
higher integration time on the qubit resonance [arrows in (b)]
are shown in Fig. 3(c). Independent of tank ringup, IEDSR is
expected to decay with [49]:

IEDSR(tCB) = ηEDSR f bbe = ηEDSR · e

2tCB
, (2)

where the experimental repetition rate is f bb = (2tCB)−1, e
is the elementary charge, and the unit-less prefactor ηEDSR

represents the efficiency of the EDSR experiment. This is
similar to charge-pumping [49], assuming that one excess hole
passes through the double dot per baseband pulse cycle when
the drive pulse flips the spin. Fitting Eq. (2) to the IEDSR trace
yields ηEDSR = 21.4 ± 0.4% [turquoise curve in Figs. 3(c)
and 3(d)]. The EDSR efficiency could approach 100% but lies
lower because of losses such as reservoir leakage.

The monotonous decay of IEDSR is interrupted by sharp
dips. These dips line up perfectly with peaks in �ISD as can
be seen from Fig. 3(d). Note the inverted current axis for
�ISD to improve visibility of the correspondence. The 1 ns
resolution in tCB is limited by the sampling rate of our control
electronics.

From the tank circuit resonance shown in Fig. 3(e) and us-
ing Eq. (1), we can predict the tCB for which the odd baseband
pulse harmonics of order n should match the tank resonance
frequency. These are depicted as orange lines in Fig. 3(c). The
peaks in �ISD occur at almost every odd harmonic, but the
dips in IEDSR are more sparse.

The amplitude envelope of the peaks in �ISD decreases
for higher tCB, in line with the scaling of the baseband har-
monics amplitude with n. Due to the low tCB resolution, the
peaks are undersampled and the expected 1/n dependence
cannot be verified. IEDSR is only expected to be reduced if
the ringing amplitude exceeds the excited state splitting which
explains the absence of a dip, e.g., for n = 35 because the
harmonic lies in between two neighboring datapoints whereas
the dips are deep if a datapoint close-to perfectly matches a
harmonic order (e.g., n = {31; 37; 42}). The dips in IEDSR are
less frequent and less deep for tCB � 100 ns due to the reduced
excitation power for higher n. Appendix E 2 presents the im-
pact of the baseband pulse amplitude on the EDSR resonance.
For �ISD on the other hand, the response is monotonous
with ringing amplitude, explaining the abundance of peaks.
The asymmetry of the tank resonance is an additional con-
founding factor when interpreting the dip amplitudes which is
explored in more detail in Appendix F.
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(a) (b)

(c)
(d)

FIG. 4. Higher modes of the high-Q tank. (a) Schematic setup
with the high-Q tank connected to the barrier gate of device B. (b)
In the pulsed EDSR scan, horizontal lines (white arrows) which
correspond to waveguide-like modes of the tank appear but no
EDSR resonance. (c) Identical scan as in (b) but implementing a
continuous wave drive. Both qubit resonances are visible (orange
lines are offset for better clarity). The continuous drive is spectrally
very narrow, resulting in the faint indications of the higher tank
modes (white arrows). (d) A high-resolution scan of one of the
higher tank resonances exhibits the typical sinc-shape and its fitted
tfit = 51.6 ± 0.5 ns agrees well with the experimentally chosen tburst .

Finally, the effect of crosstalk-induced ringing on the qubit
coherence is investigated. Ramsey experiments are performed
for tCB � 235 ns, limited by the sum of T ∗

2 and the time re-
quired to perform two π/2 pulses (tπ/2 = 20 ns), yielding the
Ramsey contrast I0,Ramsey and T ∗

2. The results with standard
errors of 20 repetitions are shown in Figs. 3(f) and 3(g),
respectively.

The current amplitude decays according to a relation sim-
ilar to Eq. (2) [pink line fit in Fig. 3(f)]. We find the Ramsey
efficiency to be ηRamsey = 7.7 ± 0.1%, significantly lower
than ηEDSR. This discrepancy may be due to the overall longer
tCB and the different pulse sequence with two π/2 pulses
whose short burst duration causes more broadband excitation
of the higher tank modes.

Imposing a threshold of I threshold = 16.5 fA (pink dashed
line), we identify eight points in the I0,Ramsey plot which are
clearly affected by ringup (pink). Comparing the fitted T ∗

2
for these tCB values, no systematic deviation from the other
datapoints (purple) is apparent. We thus conclude that the
qubit coherence is not affected but SPAM errors reduce the
readout contrast also for crosstalk-induced ringup. The differ-
ence in T ∗

2 as opposed to the the low-Q measurements may
be due to the thermal cycle, causing rearrangements of charge
fluctuators near the qubit and impacting the microscopic noise
environment.

C. Higher modes of the high-Q tank

In order to increase the sensor gate lever arm and thus
achieve stronger coupling to the spin, a second FinFET, device
B, was operated according to the schematic in Fig. 4(a). The

high-Q tank circuit was connected to the gate B, enabling
charge sensing down to the last hole in earlier experiments
[16]. This arrangement comes at the cost of higher suscepti-
bility to crosstalk because the driving and the sensor gate bond
pads are next-neighbors.

Pulsed experiments sweeping f drive against B using the typ-
ical Rabi pulse scheme repeatedly failed to detect the EDSR
resonance, independent of tburst, readout point in the charge
stability map or the drive amplitude. It is likely that ringing
suppresses the readout contrast. A series of evenly spaced
resonance lines appear as shown in Fig. 4(b) (white arrows),
which do not depend on the applied magnetic field. If instead
the qubit is driven continuously the two EDSR resonances are
observed [orange lines in Fig. 4(c)] for otherwise identical
conditions (see Appendix D 2 for the measurement scheme).
The spectrum of the continuous wave experiment approaches
a delta peak at f drive, thus minimizing the resonator ringup to
a narrow band around the higher modes (white arrows).

The detailed shape of one of the horizontal resonances
in the pulsed scan is shown in Fig. 4(d). Fitting the sinc
pattern of the resonance, we find excellent agreement with
the applied drive pulse duration. The relatively broad band
drive pulse spectrally overlaps with a higher tank mode at
fharmonic � 1.286 GHz, ringing up the tank to the degree where
SPAM errors suppress readout entirely.

IV. CONCLUSIONS AND OUTLOOK

In conclusion, we have demonstrated all-electrical coher-
ent spin control in the presence of a high-Q superconducting
dispersive gate sensor at 1.5 K with a Si FinFET hole serving
as a proxy high-density qubit unit cell. We have established
that resonator ringing is not detrimental to the qubit coherence
but can lead to an increased rate of SPAM errors if the ringing
amplitude exceeds the quantum dot’s excited state splitting.
Note that state leakage out of PSB equally affects all spin
readout strategies which rely on spin blockade, including
dispersive approaches [28,30,31,36,42]. Given the strong sus-
ceptibility of hole spins to electrical noise [22], a robustness
to resonator ringing is rather surprising at first glance. Ramsey
experiments, however, are particularly sensitive to quasistatic
noise, while the ringing occurs at several hundred MHz thus
only weakly impacting T ∗

2. Tank ringing also modulates the
hole g-factor but at a frequency which is too high to affect
the spin dynamics due to phase-driving effects [38]. Addi-
tionally, the double dot level detuning and the tunnel coupling
are susceptible to tank ringing which thus directly influences
the exchange interaction [37]. Such modulations can im-
pact exchange-based two-qubit gates which warrants further
investigations.

Typical spin control pulse sequences can ring up the tank
circuit’s fundamental mode as well as higher harmonics. This
can be caused by cyclical pulse sequences as presented here
but also by single-shot experiments if the Fourier spectrum
of the single pulse overlaps with a resonator mode. Higher
tank harmonics are expected for resonator modes that form
between the inductor and the circuit board ground which
can likely be addressed by changing the inductor placement.
Baseband pulse durations should be chosen such that their
harmonics avoid the tank resonance and as long as possible to
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minimize the amplitude of the harmonic order which lies clos-
est to the tank resonance. Our qubit design enables a remote
setup, with the driving gate positioned as the second-next
neighbor to the readout gate. This configuration minimizes
ringup while permitting coherent control of the qubit beneath
the sensor gate. We show that the spin coherence and readout
efficiency are not affected if these conditions are satisfied.
Further solutions may be found by investigating smooth pulse
shapes, drive line filtering, or varying the phase of subsequent
drive pulse repetitions in order to cause destructive interfer-
ence at the resonator.

Implementing an on-demand toggle for the tank Q using
voltage-tunable capacitances in parallel with the sensor gate
[50] would be akin to swapping the wire wound surface mount
inductor for the superconducting inductor on the experimental
time scale. This would require a tunability range from � 1 pF
to � 0.1 pF. Alternatively, optical light pulses directed at the
nanowire inductor could temporarily quench superconduc-
tivity, similar to the operation principle of superconducting
nanowire single photon detectors [51–53] or a transistor in
series with the tank could be pulsed to temporarily decouple
the tank and the sensor gate [54].

As spin qubit processors transition from academic proof-
of-principle experiments towards industrially fabricated sys-
tems [4] with rising qubit counts, the growing number of gate
electrodes will require vias to interconnect metallization lay-
ers during the back-end-of-line processing [45] which likely
increases capacitive crosstalk. Our work highlights the impor-
tance of the trade-off between readout speed and susceptibility
to ringup which will become more challenging to navigate in
such scaled systems. When designing readout resonators, the
interplay of their operation frequency and Q with the required
qubit control pulses must be carefully considered.

Superconducting high-Q tank circuits are abundantly
found in RF-reflectometry setups such as single-lead charge
sensors [36,42] and RF-single electron transistors (RF-SETs).
They furthermore lie at the core of emerging cryogenic RF
circuit elements such as quantum dot-based frequency mul-
tipliers [43] or multiplexers [55] and are used beyond spin
qubits for fast thermometry [56] or to study topological su-
perconductivity [57]. All these use cases can be affected by
ringup effects similar to the ones reported here and the mitiga-
tion and analysis strategies we put forward equally apply. For
example, a ringing tank circuit in a single-lead charge sensor
or RF-SET may reduce the readout fidelity.
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APPENDIX A: DRIVE SPECTRA

The resonator spectra depicted in Fig. 1 were simulated
using Qucs, assuming a RLCG transmission line model to
account for the higher harmonics with inductor parameters
corresponding to the setup of Fig. 4. The RLCG model param-
eters and circuit used for the simulation are shown in Fig. 5.

We model the baseband spectrum of Fig. 1(d) by the
following series of Lorentzian peaks to account for spectral
broadening by choosing γ = 1 MHz and A = 1 MHz for nor-
malization to the n = 1 peak amplitude:

|FFTbaseband|( f ) =
∞∑

n=1

A

2n − 1

γ(
f − 2n−1

2 tCB
)2 + (

γ

2

)2
.

(A1)

The drive burst spectrum in Fig. 1(e) is represented by

|FFTdrive|( f ) =
∣∣∣∣ sin(πtburst · ( f − fdrive ))

πtburst · ( f − fdrive )

∣∣∣∣. (A2)

APPENDIX B: DATA ANALYSIS

The experimental data for IEDSR and I0,Ramsey as a function
of tCB were fitted to functions of the form of Eq. (2), yielding
ηEDSR and ηRamsey, respectively as shown in Figs. 3(c)–3(f).
For the ringup pattern in Fig. 4(d), we used Eq. (A2).

FIG. 5. Model of high-Q inductor tank circuit. The circuit model
features the inductor represented as a RLCG transmission line with
negligible resistance, yielding the spectrum presented in Fig. 1.
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1. Ramsey fits

The Ramsey trace in Fig. 2(c) was fitted according to

IRamsey(twait )

= I0,Ramsey cos(2π fφtwait + 
0) exp

(
−

(
twait

T ∗
2

)2
)

+ Ioffset.

(B1)

Here fφ is the frequency by which the phase of the second
πφ/2 pulse was varied, with respect to the first π/2 pulse of
the Ramsey sequence, as a function of the Ramsey waiting
time twait. 
0 is an offset phase factor, the Ramsey current
contrast is I0,Ramsey, and a finite offset current is captured
by Ioffset. The same model was used in the fits that yielded
Figs. 3(f) and 3(g). Each trace was recorded 20 times, and the
displayed data show the mean of the individual fit results with
the standard error.

2. EDSR linewidth fits

We fit EDSR resonances in the coherence-limited regime
to a Gaussian:

IEDSR(� fdrive ) = I0,EDSR exp

(
−

(
� fdrive

2

2σ 2

))
+ Ioffset,

(B2)

where the EDSR contrast is I0,EDSR, the qubit detuning
� fdrive = fdrive − fLarmor is the detuning of the drive fre-
quency relative to the qubits Larmor frequency fLarmor, Ioffset is
the background offset current, and σ is the standard deviation
of the Gaussian. We extract T ∗

2 = √
ln (2)/(πσ ) [19] as a

function of Ptank for Fig. 2(g).

APPENDIX C: DETAILED CIRCUIT
AND EXPERIMENTAL SETUP

The experimental setup comprised a variable temperature
insert with base temperature 1.5 K which hosted a sample- and
a filter PCB for signal filtering and combination of DC and
RF voltages. The schematic circuit with all discrete elements
is shown in Fig. 6. DC voltages were supplied by a Basel
Precision Instruments digital-to-analog converter SP1060 and
low-pass filtered on both PCBs.

The DC current through the FinFET was amplified by
a Basel Precision Instruments current-to-voltage converter
LSK389A and recorded by a Quantum Machines OPX+ unit.
The OPX+ supplied AC signals for qubit control and tank
readout. The qubit drive bursts at GHz frequencies were
generated by IQ modulation on vector sources (Quantum
Machines Octave and, for signals below 2 GHZ, Rohde &
Schwarz SGS 100A). The baseband and control pulses were
combined by a Wainwright WDKX11 diplexer and delivered
to the sample PCB via attenuated coaxial cables.

The tank readout signal was delivered through the coupling
port of a directional coupler (Mini Circuits ZX30-12-4-S+)
to the tank resonator on the sample PCB. The total attenua-
tion from room temperature to the sample was −30 dB. The
reflected signal was amplified at 4 K (Cosmic Microwaves
CILTF2) and at room temperature (B&Z Technologies
BZY0050060) and recorded by the second input port of the
OPX+.

FIG. 6. Full experimental setup.

APPENDIX D: QUBIT MEASUREMENT SCHEME

All qubit measurements followed a scheme where the
source-drain current through the FinFET was recorded by the
OPX+ input. The main signal was recorded while applying
the qubit drive pulse for 5 ms, then a reference pulse was
applied for 5 ms and the reference signal was recorded. This
scheme was repeated and the signals were integrated for ap-
proximately 1 s for each data point of the qubit measurements
(e.g., Rabi, Ramsey, and EDSR-traces). Subtracting the ref-
erence from the main signal removed a DC offset current and
slow drifts of the background. Multiple repetitions of identical
scans were averaged to enhance the signal-to-noise ratio, e.g.,
in Fig. 3(c). We now briefly discuss the types of reference
signals used for the different experiments.

1. Pulsed measurements

Most pulsed qubit experiments presented in this work are
Rabi-like experiments [Rabi chevron in Fig. 2(b) and EDSR
resonance scans in Figs. 2(e), 3(b)–3(d), and 4(b)–4(d)]. Here,
the reference pulse purely consisted of the baseband pulse,
removing the qubit drive burst completely.

The Ramsey experiments were comprised of two π/2
pulses, separated by the waiting time twait, and shifting the
second pulse by a φ = 2π fφtwait relative to the phase of the
first pulse. This resulted in the sinusoidally modulated current
amplitude as a function of twait as seen in Fig. 2(c), improving
the fit quality using Eq. (B1). In order to enhance the readout
contrast, the reference sequence for Ramsey experiments was
using the same pulse sequence, but shifting the phase of the
second pulse by φ + π .

All qubit measurements were recorded at a driving ampli-
tude (peak-to-peak) of � 20 mV on the sample, taking into
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FIG. 7. Rabi chevrons of device A (a) recorded with a high-Q
resonator connected to P2 and (b) with a low-Q resonator.

account the line attenuation at the drive frequency. To ensure
that the EDSR resonance width is coherence-limited for the
measurements in Figs. 2(e) to 2(g), we used �2.5 mV driving
amplitude.

2. Continuous drive

The continuous wave experiment in Fig. 4(c) was im-
plemented by only applying the qubit drive for 5 ms and
recording the leakage current followed by 5 ms without high
frequency pulsing as the reference.

APPENDIX E: ADDITIONAL QUBIT DATA

1. Rabi comparison

The quality of the qubit readout is strongly affected by the
Q factor of the tank circuit. Figure 7 shows two Rabi chevrons
recorded with identical settings using the FinFET device A but
in the presence of (a) a high-Q and (b) a low-Q resonator. We
furthermore chose tCB such that baseband induced ringup is
negligible. While both measurements clearly show a chevron
pattern with almost identical Rabi and Larmor frequencies,
the contrast in Fig. 7(a) is reduced, overall noise is higher, and
we observe a shift of the background in Fig. 7(a) as a function
of tburst which is independent of fdrive. This general behavior
is reproducible for different readout positions in gate voltage
space. Note that the Rabi lifetime may be shorter for Fig. 7(a)
but the background shift with tburst make fits unreliable.

2. Baseband amplitude

From the dependence of the qubit Larmor frequencies on
the baseband pulse amplitude ACB, we can identify the prox-
imity of the two spins to the driving gate P1 in device A.
Figure 8(a) shows the EDSR resonances of both qubits at
fixed magnetic field as a function of ACB. The qubit whose
resonance shifts strongly with ACB (left resonance) is most
likely located under P1, whereas the other qubit is under P2.

Comparing the spectra for two different tCB, we find that
the resonances vanish in an increasing background for tCB =
100 ns (b), but not for tCB = 48 ns (a). In (b), both qubit
resonances vanish above the same magnitude of ACB = 0.7 V,
consistent with baseband pulse induced ringup. Note that the
exact value of ACB at which the contrast vanishes is expected
to be different for each tCB, depending on the degree to which
the baseband harmonics overlap with the tank resonance. The
two scans depicted in Fig. 8 are illustrative examples, support-
ing the observation of baseband pulse-induced tank ringing.

(a) (b)

fdrive (GHz)

A
CB

 (V
)

tCB tCB 

fdrive (GHz)

A
CB

 (V
)

FIG. 8. Baseband pulse amplitude and ringup EDSR resonances
of the two qubits of device A as a function of the baseband pulse
amplitude ACB with (a) tCB = 48 ns, for which negligible ringup
is expected because the harmonics do not match f0, and (b) with
tCB = 100 ns, for which ringup is substantial. The resonances vanish
in (b) above ACB = 0.7 V (white lines) but prevail in (a). At this
point, the ringup amplitude exceeds the excited state level splitting
for tCB = 100 ns which results in the abrupt loss of readout.

APPENDIX F: DETUNING-DEPENDENCE
OF HIGH-Q RINGUP

In the following, we provide a qualitative explanation of
the ringup strength which varies for different tCB as shown
in Fig. 3(d). Overall, the reduction in IEDSR is stronger if the
experimentally accessible value of tCB matches better one of
the odd harmonics of order n.

Additionally, the depth of the ringup-induced dips depends
on the detuning of the applied baseband pulse harmonic with
respect to f0 as shown in Fig. 9. Because the tank resonance
is asymmetric, red-detuned baseband harmonic excitations
( fn < f0) cause much stronger ringup than blue-detuned

(a)

(b)

FIG. 9. Asymmetric response of the high-Q tank to baseband
ringup. (a) The EDSR resonance (black) and �ISD as a function of
tCB is plotted similar to Fig. 3(d) but over a larger range of tCB. The
colored datapoints are the closest experimentally accessible tCB to
the respective harmonic (orange) of order n. (b) shows the tank res-
onance (black) and calculated frequencies fn = n fbb with the colors
corresponding to (a). Ringup-induced dips in IEDSR are deeper for red
detuned cases ( fn < f0) than for blue detuned frequencies ( fn > f0).
The asymmetry of the tank resonance explains this finding: The
resonator is more easily excited by slight red detuned frequencies
whereas its reflectance is enhanced for blue detuning.
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frequencies ( fn > f0). Such asymmetric tank resonances have
been observed in previous studies with superconducting

high-Q inductors [16,41] and are attributed to imperfect
impedance matching of the circuit.
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Schäffler, J.-J. Zhang, and G. Katsaros, A germanium hole spin
qubit, Nat. Commun. 9, 3902 (2018).

[27] M. Urdampilleta, D. J. Niegemann, E. Chanrion, B. Jadot,
C. Spence, P.-A. Mortemousque, C. Bäuerle, L. Hutin,

013197-9

https://doi.org/10.1038/s41534-017-0038-y
https://doi.org/10.1038/s41586-021-03332-6
https://doi.org/10.1038/s41586-022-05117-x
https://doi.org/10.1038/s41586-024-07275-6
https://doi.org/10.1038/s41586-020-2170-7
https://doi.org/10.1038/s41586-020-2171-6
https://doi.org/10.1038/s41928-022-00722-0
https://doi.org/10.1038/s41586-024-07160-2
https://arxiv.org/abs/2402.07313
https://doi.org/10.1103/PhysRevLett.132.067001
https://doi.org/10.1126/science.ado5915
https://arxiv.org/abs/2407.15151
https://doi.org/10.1103/PhysRevX.13.041015
https://doi.org/10.1103/PhysRevApplied.19.044078
https://doi.org/10.1103/PhysRevB.110.125414
https://doi.org/10.1063/5.0177857
https://doi.org/10.1038/s41565-023-01491-3
https://doi.org/10.1038/nature05065
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1038/s41565-020-00828-6
https://doi.org/10.1038/s41467-021-27880-7
https://doi.org/10.1088/2633-4356/acb87e
https://doi.org/10.1038/s41565-022-01196-z
https://doi.org/10.1038/ncomms13575
https://doi.org/10.1038/s41565-022-01280-4
https://doi.org/10.1038/s41467-018-06418-4


RAFAEL S. EGGLI et al. PHYSICAL REVIEW RESEARCH 7, 013197 (2025)

B. Bertrand, S. Barraud et al., Gate-based high fidelity spin
readout in a CMOS device, Nat. Nanotechnol. 14, 737 (2019).

[28] A. West, B. Hensen, A. Jouan, T. Tanttu, C.-H. Yang, A. Rossi,
M. F. Gonzalez-Zalba, F. Hudson, A. Morello, D. J. Reilly, and
A. S. Dzurak, Gate-based single-shot readout of spins in silicon,
Nat. Nanotechnol. 14, 437 (2019).

[29] F. Vigneau, F. Fedele, A. Chatterjee, D. Reilly, F. Kuemmeth,
M. F. Gonzalez-Zalba, E. Laird, and N. Ares, Probing quantum
devices with radio-frequency reflectometry, Appl. Phys. Rev.
10, 021305 (2023).

[30] P. Pakkiam, A. V. Timofeev, M. G. House, M. R. Hogg, T.
Kobayashi, M. Koch, S. Rogge, and M. Y. Simmons, Single-
shot single-gate RF spin readout in silicon, Phys. Rev. X 8,
041032 (2018).

[31] A. Crippa, R. Ezzouch, A. Aprá, A. Amisse, R. Laviéville,
L. Hutin, B. Bertrand, M. Vinet, M. Urdampilleta, T. Meunier
et al., Gate-reflectometry dispersive readout and coherent con-
trol of a spin qubit in silicon, Nat. Commun. 10, 2776 (2019).

[32] M. F. Gonzalez-Zalba, S. Barraud, A. J. Ferguson, and A. C.
Betz, Probing the limits of gate-based charge sensing, Nat.
Commun. 6, 6084 (2015).

[33] N. Samkharadze, A. Bruno, P. Scarlino, G. Zheng, D. P.
DiVincenzo, L. DiCarlo, and L. M. K. Vandersypen, High-
kinetic-inductance superconducting nanowire resonators for
circuit QED in a magnetic field, Phys. Rev. Appl. 5, 044004
(2016).

[34] D. Niepce, J. Burnett, and J. Bylander, High kinetic inductance
NbN nanowire superinductors, Phys. Rev. Appl. 11, 044014
(2019).

[35] I. Ahmed, J. A. Haigh, S. Schaal, S. Barraud, Y. Zhu, C. M. Lee,
M. Amado, J. W. A. Robinson, A. Rossi, J. J. L. Morton, and
M. F. Gonzalez-Zalba, Radio-frequency capacitive gate-based
sensing, Phys. Rev. Appl. 10, 014018 (2018).

[36] D. J. Niegemann, V. El-Homsy, B. Jadot, M. Nurizzo, B.
Cardoso-Paz, E. Chanrion, M. Dartiailh, B. Klemt, V. Thiney,
C. Bäuerle et al., Parity and singlet-triplet high-fidelity readout
in a silicon double quantum dot at 0.5 K, PRX Quantum 3,
040335 (2022).

[37] S. Geyer, B. Hetényi, S. Bosco, L. C. Camenzind, R. S. Eggli,
A. Fuhrer, D. Loss, R. J. Warburton, D. M. Zumbühl, and A. V.
Kuhlmann, Anisotropic exchange interaction of two hole-spin
qubits, Nat. Phys. 20, 1152 (2024).

[38] S. Bosco, S. Geyer, L. C. Camenzind, R. S. Eggli, A. Fuhrer,
R. J. Warburton, D. M. Zumbühl, J. C. Egues, A. V. Kuhlmann,
and D. Loss, Phase-driving hole spin qubits, Phys. Rev. Lett.
131, 197001 (2023).

[39] S. D. Liles, F. Martins, D. S. Miserev, A. A. Kiselev, I. D.
Thorvaldson, M. J. Rendell, I. K. Jin, F. E. Hudson, M.
Veldhorst, K. M. Itoh et al., Electrical control of the g tensor
of the first hole in a silicon MOS quantum dot, Phys. Rev. B
104, 235303 (2021).

[40] S. Geyer, L. C. Camenzind, L. Czornomaz, V. Deshpande, A.
Fuhrer, R. J. Warburton, D. M. Zumbühl, and A. V. Kuhlmann,
Self-aligned gates for scalable silicon quantum computing,
Appl. Phys. Lett. 118, 104004 (2021).

[41] D. J. Ibberson, T. Lundberg, J. A. Haigh, L. Hutin, B. Bertrand,
S. Barraud, C.-M. Lee, N. A. Stelmashenko, G. A. Oakes, L.
Cochrane et al., Large dispersive interaction between a CMOS
double quantum dot and microwave photons, PRX Quantum 2,
020315 (2021).

[42] G. A. Oakes, V. N. Ciriano-Tejel, D. F. Wise, M. A. Fogarty,
T. Lundberg, C. Lainé, S. Schaal, F. Martins, D. J. Ibberson,
L. Hutin et al., Fast high-fidelity single-shot readout of spins
in silicon using a single-electron box, Phys. Rev. X 13, 011023
(2023).

[43] G. A. Oakes, L. Peri, L. Cochrane, F. Martins, L. Hutin, B.
Bertrand, M. Vinet, A. Gomez Saiz, C. J. B. Ford, C. G. Smith,
and M. F. Gonzalez-Zalba, Quantum dot-based frequency mul-
tiplier, PRX Quantum 4, 020346 (2023).

[44] T. Struck, M. Volmer, L. Visser, T. Offermann, R. Xue, J.-S. Tu,
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