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Proposals for large-scale semiconductor spin-based quantum computers require high-fidelity single-
shot qubit readout to perform error correction and read out qubit registers at the end of a computation.
However, as devices scale to larger qubit numbers integrating readout sensors into densely packed qubit
chips is a critical challenge. Two promising approaches are minimizing the footprint of the sensors, and
extending the range of each sensor to read more qubits. Here we show high-fidelity single-shot electron
spin readout using a nanoscale single-lead quantum dot (SLQD) sensor that is both compact and capable
of reading multiple qubits. Our gate-based SLQD sensor is deployed in an all-epitaxial silicon donor spin-
qubit device, and we demonstrate single-shot readout of three 3! P donor quantum dot electron spins with a
maximum fidelity of 95%. Importantly, in our device the quantum dot confinement potentials are provided
inherently by the donors, removing the need for additional metallic confinement gates and resulting in
strong capacitive interactions between sensor and donor quantum dots. Our results are consistent with a
1/d"# scaling of the capacitive coupling between sensor and ' P dots (where d is the sensor-dot distance),
compared to 1/d?>>730 in gate-defined quantum dot devices. Due to the small qubit size and strong capaci-
tive interactions in all-epitaxial donor devices, we estimate a single sensor can achieve single-shot readout
of approximately 15 qubits in a linear array, compared to 3—4 qubits for a similar sensor in a gate-defined
quantum dot device. Our results highlight the potential for spin-qubit devices with significantly reduced

sensor densities.
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I. INTRODUCTION

High-fidelity single-shot spin readout is an essential
requirement for large-scale spin-based quantum comput-
ing proposals [1,2]. In spin-qubit devices readout has most
commonly been performed by mapping the spin state onto
a charge state, which can then be detected using a nearby
charge sensor [3,4]. The most sensitive charge sensors
to date are radio-frequency single-electron transistors (rf
SETs), which have demonstrated integration times for a
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SNR ratio of 1 of T, = 0.62 ns [S] (We use Ty, to directly
compare sensor performance between experiments, see
Section 1 within the Supplemental Material [6]). However
rf SETs require at least three gate leads to operate, a signif-
icant space allocation on the qubit chip as devices scale to
larger qubit numbers. In contrast gate-based (or dispersive)
sensors integrate qubit readout capability into the existing
leads used for qubit control, allowing spin measurements
without additional proximal charge sensors [7—10]. Single-
shot readout using dispersive sensors has recently been
demonstrated [11-15], however these results relied on
Pauli blockade between two spins for readout, requiring an
additional quantum dot (with associated control leads) for
spin detection. Furthermore, in each case readout of only
a single qubit was achieved. Dispersive sensors probing
interdot transitions (referred to here as “direct dispersive”
sensors) can also generate only signal at an interdot charge
transition, a small window in gate space. Experiments to
date have thus often used a secondary multilead charge
sensor for device characterization [11,12].

The SLQD is a gate-based sensor that combines the
benefits of rf SETs and direct dispersive sensors [16]. In
contrast to the rf SET, the SLQD requires only one electron
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reservoir (making it more suited to integration with
large-scale qubit arrays), yet can also perform readout
directly in the single-spin basis. The SLQD is sensitive
over a wide range of device voltages, and has been used
as a compact sensor for single-electron charge detection
in quantum dot arrays [17—19], as well as time-averaged
single-spin measurements [20].

In this work we deploy a SLQD charge sensor in a
device containing four *'P donor quantum dots. We use
the SLQD to perform single-shot electron spin readout
in the single-spin basis on three out of the four quan-
tum dots, achieving a maximum readout fidelity of 95%.
The fourth quantum dot is found to have a tunnel rate
exceeding the measurement bandwidth (300 kHz) and can
not be projectively measured. We achieve an amplitude
signal-to-noise ratio of 9.6 at 15-kHz measurement band-
width, yielding 7, = 720 ns. This compares favorably to
previous dispersive readout measurements operating with
off-chip resonators at 100300 MHz frequencies [11—13]
(respectively, Tmin = 19 us, 3000 s and 8 us).

Importantly, we find that for our donor device the detec-
tion range of the sensor is extended compared to gate-
defined quantum dot architectures. Charge-sensor range is
determined by the capacitive coupling between the sensor
and the readout target, which in our device best matches
a 1/d"**01 dependence as a function of sensor-qubit dis-
tance, d. Previous reports in undoped planar SiGe devices
observed a 1/d® dependence [21,22], and in nanowire
CMOS devices a 1/d*3~2% dependence was estimated
based on device simulations [19]. In free space, the capac-
itive coupling between isolated charges scales as 1/d,
however this scaling is modified by the presence of sur-
rounding gates and becomes 1/d> for charges underneath
a large metal plane [22], as is the case for gate-defined
devices operated in accumulation mode [23,24]. In atomi-
cally engineered donor devices the qubit trapping potential
is defined naturally by the donor, eliminating the need for
additional accumulation gates and resulting in extremely
low gate densities. The reduced screening in atomic pre-
cision donor devices considerably extends charge-sensor
range. We estimate that our current sensor would be able
to read out approximately 15 donor qubits in a linear
array with high fidelity, compared to 3—4 for a sensor with
similar performance in a gate-defined quantum dot device.

II. DEVICE AND SENSOR OPERATION

The four 3'P quantum dot device is fabricated on a
silicon substrate using atomic precision hydrogen-resist
lithography [25,26]. Figure 1(a) shows a STM image of the
device, with sites D1, D2, D3, and D4 indicating regions
where phosphorus donors are incorporated to host electron
spin qubits [27]. R1 and R2 serve as electron reservoirs
for (D1, D2) and (D3, D4), respectively, as well as pro-
viding electrostatic tuning of the donor potentials. G1 and
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FIG. 1. Donor-based quantum dot device with integrated
SLQD charge sensors. (a) STM image of the device and gate
labels. SLQD1 is used to sense the donor quantum dots (D1, D2,
D3, and D4). Based on STM images and electrically measured
charging energies, we estimate the number of 3! P donors in each
to be two for D1, three for D2, three for D3, and one for D4. Elec-
trons are loaded onto the donors from R1 (D1, D2) or R2 (D3,
D4) and onto SLQDI1 from L1. A second SLQD (SLQD2) is not
used in our experiments. (b) Schematic of SLQD charge-sensor
operating principle. A quantum dot (SLQD1) tunnel coupled
to an electron reservoir (L1) is embedded in a resonant circuit
formed by a NbTiN superconducting spiral inductor, measured
using standard reflectometry techniques [7]. When an ac excita-
tion is applied to L1, cyclical single-electron tunneling generates
quantum capacitance in the circuit when the Fermi energy in L1
is aligned with an available charge state of SLQD1. A change in
the electrostatic environment causes the resulting Coulomb-like
peaks to shift, allowing operation as a charge sensor. (c) Charge-
stability diagram for D1 and D2 sweeping V;; and Vg;. The
periodic diagonal lines in the data are SLQD]1 transition lines,
with donor charge transitions from D1 and D2 being observed as
breaks in the SLQD lines (example break shown in inset). The
overlaid white dashed lines indicate D1 charge transitions and
the red dashed lines indicate D2 charge transitions. (d) Charge-
stability diagram for D3 and D4 sweeping V', and Vg,. The red
dashed lines now indicate D3 charge transitions, and the white
dashed lines D4 charge transitions. We note that here the D3
and D4 transition line slopes are similar; we identify the charge
transitions by sweeping other gate combinations.

G2 are electrostatic gates used for readout pulse sequences
on D1 and D2, and G3 and G4 serve the same purpose
for D3 and D4. SLQDI1 and SLQD?2 are charge sensors
for determining the electron occupation of the donor dots,
and to perform single-shot spin readout via spin-to-charge
conversion. A schematic of the operating principle of the
SLQD sensor is shown in Fig. 1(b). The sensor detects
the extra quantum capacitance [7,9,10] added to the cir-
cuit when the Fermi energy of L1 aligns with an available
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charge state on SLQDI, resulting in Coulomb-like peaks
that can be used for charge sensing. We note that in this
work SLQD1 is used for all measurements. Figures 1(c)
and 1(d) show charge stability diagrams for the top (D1,
D2) and bottom (D3, D4) pairs of donor quantum dots,
respectively. The periodic diagonal lines in the data are
Coulomb-like peaks from SLQDI1, where donor charge
transitions are observed as breaks in these lines aligned
along the labelled dotted lines overlaying the data. We
identify transitions from all four patterned donor quan-
tum dots from the distinct transition line slopes, shown
in Fig. 1(c) (D1 white dashed lines, D2 red dashed lines)
and Fig. 1(d) (D3 red dashed lines, D4 white dashed
lines). Electron numbers are assigned by fully depleting
the donors of electrons, then adding an electron each time
a donor transition line is crossed. We note that sweeping
the reservoir lead R1 (R2) to negative voltages adds elec-
trons to D1 and D2 (D3 and D4), in contrast to sweeping
purely capacitively coupled gates, for which negative volt-
ages remove electrons. These plots highlight the ability of
SLQDI1 to characterise the charge occupation of all four
quantum dots.

III. SINGLE-SHOT SPIN READOUT

We next use SLQDI1 to perform single-shot electron spin
readout in the single-spin basis for D1, D2 and D3 at B =
1.5 T. We note that for D4 the tunnel rate to R2 exceeded
our measurement bandwidth and readout could not be per-
formed. Figure 2(a) shows a gate-gate map sweeping Vg
and Vg, over a single SLQDI1 line intersecting with the
first electron charge transition of D1. Adding an electron
to D1 shifts the SLQDI1 peak position by Vy = 7.1 mV
(where V), is the mutual charging voltage in terms of V).
We perform spin readout with a three-level pulse sequence
consisting of a load phase to initialise a random electron
spin state, followed by a read phase where the spin is
projectively measured, and an empty phase to eject the
electron before the next pulse repetition [4]. During the
read phase a spin up state will tunnel to R1 followed by
a spin down tunnelling back to D1, generating a character-
istic “blip” in the charge sensor response which is absent
for a spin down state. Figure 2(b) shows example spin up
and spin down traces for D1, demonstrating single-shot
readout. We calculate the spin readout fidelity by tak-
ing 5000 individual single-shot traces and find Fj; = 81%
(see Section 4 within the Supplemental Material for full
details of the fidelity analysis [6]). The fidelity is lim-
ited by our measurement bandwidth (set to approximately
80 kHz), which is not high enough to capture the fastest
tunneling events. Increasing the measurement bandwidth
permits faster events at the cost of reduced SNR (which
also decreases the fidelity [28]), and we find 80 kHz to
give the maximum fidelity of 81%.

Figure 2(c) shows a gate-gate map at the second elec-
tron of D2. Here we perform D~ readout [29] due to the
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FIG. 2. Single-shot electron spin readout on D1, D2, and
D3 donor quantum dots. (a) Gate-gate map showing break in
SLQDI1 transition line when the first electron is loaded onto DI.
The approximate pulse positions for the readout sequence are
indicated by the white stars. The read level is calibrated so that
a spin-up electron can tunnel from D1 to R1, but a spin-down
cannot. (b) Example single-shot readout traces showing spin-up
and spin-down signals. Due to the fast tunnel rate at this transi-
tion, some of the rapid spin-up traces are not registered, leading
to an average fidelity of 81%. (c) Similar gate-gate map for D2.
Readout for D2 is performed at the second electron transition
via the D™ charge state [29]. Here we choose the read position
on the opposite side of the SLQD charge break to make spin
up the high sensor level for consistency with D1 and D3. (d)
Example single-shot readout traces for D2. (¢) Gate-gate map for
D3. (f) Example single-shot readout traces for D3. (g) Gate-gate
map for D4. For this donor quantum dot, the tunnel rate between
the donor and reservoir is too fast to perform single-shot spin
readout. In fact, a faint signal can be observed due to cyclical
driving of an electron between the D4 and R2. This implies that
the tunnel rate is non-negligible compared to the rf reflectrome-
try frequency (130 MHz). (h) Enlargement of the region from (g),
highlighting the dispersive signal generated by cyclical tunneling
of the D4 electron.
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TABLE I. Summary of single-shot readout results for the four-donor-dot device.
Readout Tunnel Sensor Measurement

Donor transition rate Distance to shift Readout bandwidth Amplitude

number  electron no. (kHz) sensor (nm) (mV) fidelity (%) (kHz) SNR Tpnin (11S)
D1 2P 0«1 ~ 25 55 7.1 81 80 4.0 780
D2 3P 12 ~2.6 66 5.4 95 15 9.6 720
D3 3P 0«1 ~20 85 4.0 95 15 8.1 1020
D4 1P 01 > 300 93 3.1 N/A N/A N/A N/A

favorable electron tunnel rate at the second electron transi-
tion (approximately 2.6 kHz). Example single-shot traces
are shown in Fig. 2(d), and taking 5000 individual traces
we find a fidelity of Fiy = 95% for D2. This fidelity is
again limited in part by our finite measurement bandwidth
(here 15 kHz) filtering the fastest tunneling events, as well
as a relatively high electron temperature (approximately
280 mK). We note the electron temperature is not raised
by the reflectometry signal applied to SLQD1 until signifi-
cantly higher powers than used in our experiments. Figure
2(e) shows a gate-gate map at the first electron of D3. In
this case electrons tunnel between D3 and R2 (rather than
R1 as in the previous cases) during spin readout. Figure
2(f) shows corresponding example single-shot traces for
D3, and here we find a fidelity of Fj; = 95%, which is
limited by the same factors as D2.

Figure 2(g) shows a gate-gate map at the first elec-
tron transition of D4. Here we find that the D4—R2 tunnel
rate exceeds our measurement bandwidth (approximately
300 kHz, limited by the resonator bandwidth), and we are
not able to perform readout on this donor. In fact, a faint
dispersive signal can be observed due to cyclical tunneling
of an electron between D4 and R2 [shown in Fig. 2(h)],
implying that this tunnel rate is a non-negligible fraction
of the approximately 130-MHz reflectometry drive signal.
Table I summarizes our spin readout results, with a maxi-
mum fidelity of 95%. By lowering the electron temperature
to < 160 mK, using a higher-frequency resonant circuit
and lower noise first-stage amplifier, readout of D1, D2,
and D3 with > 99% fidelity is achievable [28—30].

IV. LONG-RANGE CHARGE SENSING

We next investigate the scaling of the SLQDI1 sensor
shift V), as a function of the sensor-qubit distance d. We
use the finite-element package COMSOL Multiphysics to
simulate Vj, for the device in Fig. 1(a) (Section 5 within
the Supplemental Material [6]). Figure 3(a) plots the simu-
lated V), profile, with the colorscale showing the expected
Ve for a qubit at the corresponding position. V), deter-
mines the SLQDI1 peak shift due to a charging event on the
target qubit, and is proportional to the capacitive coupling
between sensor and qubit. The white dashed contour line
in Fig. 3(a) indicates the region within which V), is large
enough to shift the SLQD1 Coulomb peak from full signal

(on top of the peak) to < 1% signal due to a charging event
on the target qubit (the strong response threshold). Our
simulations indicate that any qubit located inside the foot-
print of this contour would generate full on-off switching
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FIG. 3. Importance of the sensor shift 5, for long-range

qubit readout. (a) coMsoL simulation of V), for our device
geometry. The dashed contour line indicates the estimated strong
response regime boundary. (b) Fit to COMSOL simulated V), val-
ues as a function of distance d from SLQDI1. The simulated
values (blue dots) follow a 1/d"4*%! dependence (orange line),
which match the experimental values (red circles). The yellow
line is a 1/d° fit (as observed in planar gate-defined devices) to
the experimental data, which is inconsistent with both the simu-
lated and measured values. (c) Comparison of readout contrast
possible for 100-, 200-, and 300-nm sensor-qubit distance for
1/d"* scaling (left panel) and 1/d® scaling (right panel). At 300
nm, the sensor peaks for the two readout charge states are almost
overlapping in the 1/d> case, whereas significant discrimina-
tion is still possible for 1/d"#. (d) Estimated single-shot readout
fidelity as a function of qubit distance to SLQDI1. The input
parameters to the fidelity calculation (tunnel rates, 7 relaxation
time, noise level) are taken from the experimentally measured
values for D3. The blue curve is for 1/d'#*0!  with the shaded
region outlining the uncertainty bounds from the fit in Fig. 3(b).
The orange curve is for 1/d°, and exhibits a much faster roll-off
in readout fidelity. Over 90% fidelity is possible out to 300 nm
for 1/d'#, compared to 130 nm for 1/d°.
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of the sensor signal [15], and could be measured without
any loss of fidelity due to the distance from the sensor.

Figure 3(b) plots the simulated V), as a function of d
(the distance from the center of SLQDI) for the device
region containing the sensor and patterned donor quantum
dots (shown in Fig. S4 within the Supplemental Material
[6]). We note that here d is defined only by the distance to
SLQD1 within the device region shown in Fig. S4 within
the Supplemental Material [6], and is not a cut along one
specific direction. Fitting to the simulated V), values we
find V), oc d'*4*%1 which is consistent with the measured
data (shown by red circles). Both our experimental and
simulated results are consistent with a 1/d"* scaling, in
contrast to the 1/d°> scaling observed in planar gate-defined
devices [21,22], indicated by the yellow curve in Fig. 3(b).
Figure 3(c) highlights the significance of the capacitive
scaling with d for long-range charge sensing. The left
panel uses the 1/d'# fit from Fig. 3(b) to estimate V), at
distances of 100, 200, and 300 nm from the sensor. The
solid blue and red dotted lines show the expected posi-
tion of the SLQD Coulomb peak for 0 electrons and 1
electron on the target qubit at the specified distance. The
shape of the sensor Coulomb peak is determined by fitting
the experimental data. The vertical black arrows indicate
the maximum sensor contrast for detecting the electron
charge on the target. The right panel uses the 1/d° fit from
Fig. 3(b) to estimate V, for 100, 200, and 300 nm from
the sensor. In this case V), decreases more rapidly with
distance, and the contrast is minimal at 300 nm.

To highlight the importance of a slower roll-off for
scalable quantum computing, we calculate the expected

single-shot readout fidelity as a function of d for an elec-
tron spin with the same spin-dependent tunnel rates and T
time as D3 in our device. We extrapolate the fit in Fig. 3(b)
to estimate V), as a function of d, and use this to calcu-
late the expected signal contrast. We can then calculate the
SNR using the noise measured in our experiment and input
this to our fidelity calculation (Section 6 within the Sup-
plemental Material [6]). Figure 3(d) shows the result for
both 1/d"#*%! (blue curve) and 1/d> (orange curve). As
expected, the 1/d® curve exhibits a faster roll-off in read-
out fidelity. For small d both red and blue curves saturate
to 95% fidelity as observed in our direct experimental mea-
surements of D3. We estimate that a qubit with the same
properties as D3 could be measured with over 90% spin
readout fidelity up to 300 nm from the sensor, compared to
130 nm for the 1/d° scaling. We predict that the estimated
90% readout fidelity at 300 nm for our current sensor could
be increased to >99% by reducing the electron temperature
[29], operating the SLQD at higher frequencies and using
a lower noise first-stage amplifier [30].

With a 300-nm sensor range, the small size of donor
qubits means that a single sensor has the potential to serve
a large number of qubits. A leading proposal for a donor-
based surface-code architecture uses a donor separation
distance of 30 nm [1]. Linear arrays are the current exper-
imental state of the art in semiconductor spin qubits; for
a linear array of donor qubits with an interqubit separa-
tion of 30 nm, our results suggest that we would be able to
read out < 20 donor qubits with high fidelity with SLQD1
placed in the center of the array. To verify the predicted
qubit number that could be sensed we directly simulate

TABLE II. Improvement in estimated qubits per sensor compared to previous gate-based readout results.
Max spin Estimated Estimated
readout Readout capacitive qubits per

Reference Tmin Sensor type Device type fidelity basis scaling sensor

Pakkiam et al., 19 us  Direct dispersive  Precision donor 83% Singlet/triplet 1/d"4 1
(2018) [11]

West et al., (2019) 3000 us Direct dispersive Planar MOS 73% Singlet/triplet 1/d? 1
[12]

Zheng et al., (2019) 170 ns  Direct dispersive SiGe 98% Singlet/triplet 1/d° 1
[14]

Urdampiletta et al., 8 us Latched SLQD  Nanowire MOS 98% Singlet/triplet ~ 1/d>37%8 1-3
(2019) [13]

Chanrion et al., 21 us SLQD Nanowire MOS N/A N/A 1/d>>-28 3
(2020) [17]

Ansaloni et al., 17 us SLQD Nanowire MOS N/A N/A 1/d*>-28 3
(2020) [18]

Cirano-Tejel et al., 50 us SLQD Nanowire MOS N/A Single spin 1/d>>-28 3
(2020) [20]

Duan et al, (2020) 9 us SLQD Nanowire MOS N/A N/A 1/d?>23 3
[19]

Hogg et al., (this 720 ns SLQD Precision donor 95% Single spin 1/d' 15

work)
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a realistic linear array of donor qubits (see Section 7
within the Supplemental Material [6]), from which we
estimate that sensing 14—16 qubits is feasible using our
current SLQD sensor. For the geometry and scaling
expected in an accumulation-mode gate-defined device
(1/d?, assuming a qubit separation of 80 nm and sensor
range of 130 nm), the equivalent number is < 4. This is
consistent with current experimental demonstrations hav-
ing 3—4 qubits per sensor [21,31]. Table II compares our
result to recently reported gate-based sensing literature,
demonstrating the significant improvement in the number
of possible qubits per sensor in a linear array (see Section 6
within the Supplemental Material for further details [6]).

Given the extremely long 7' relaxation times in donor
qubits (we measure approximately 11 s for D3 at 1.5 tesla,
and up to 30 s has been demonstrated [32]) and recent
advances navigating charge states in large qubit arrays
[31,33], 15 qubits similar to D3 could be measured sequen-
tially by the same sensor within the 7; relaxation time.
For our present sensor, sequential measurements would
be too slow for quantum error-correction cycles; how-
ever, for an optimized sensor 15 qubits could be measured
within the measured 75 times of donor electron spin qubits
(270 us in isotopically purified silicon [34]). We note that
reducing the electron temperature would narrow the SLQD
Coulomb peaks, increasing the charge detection signal for
small V), shifts and further extending the sensor range
(and thus the number of qubits measured) beyond our
current estimate. We also note that donor qubits can be
placed significantly closer than 30 nm using atomic pre-
cision lithography. For an architecture of tunnel coupled
donors (typically separated by 10—15 nm), a single opti-
mized SLQD sensor could conceivably serve a linear array
of 50-100 donor qubits.

V. CONCLUSION

In conclusion, we have demonstrated single-shot elec-
tron spin readout in the single-spin basis using a SLQD
charge sensor. In a device with four *!'P donor quan-
tum dots we performed single-shot readout on three of
the four quantum dots with fidelities of 81%, 95%, and
95%. We note that these fidelities can be significantly
improved in future experiments; fidelities of 99.8% (above
the fault-tolerant threshold) have been achieved for single-
spin readout using SETs [32], which should be achiev-
able using our SLQD approach. Readout in the two-spin
singlet-triplet basis is also possible using our flexible sen-
sor, for which fidelities > 98% have been demonstrated in
multiple experiments [13,14,35].

We also found that due to the low gate density in
our atomic precision donor device, the capacitive cou-
pling between sensor and qubits is consistent with a
1/d"* dependence compared to the 1/d*>3730 depen-
dence observed in gate-defined devices that accumulate

qubit electrons below metallic gates. As a consequence,
charge-sensor range is significantly extended in our device
compared to such gate-defined devices. Because of this
extended range and the small size of donor qubits, we
estimate that our current sensor could projectively mea-
sure approximately 15 donor spin qubits in a linear array.
Our results highlight the prospect of large-scale quantum
computing architectures with significantly reduced sensor
densities in atom-scale spin qubits.

VI. METHODS

Device fabrication: The device is fabricated on a p-
type natural Si substrate (1-102 cm) using a STM to
perform atomic precision hydrogen-resist lithography [36].
A fully terminated H:Si(2 x 1) reconstructed surface is
prepared in an ultrahigh vacuum chamber (approximately
10~!2 mbar). The STM tip is used to selectively remove
hydrogen atoms to create a lithographic mask, which
defines the device. The regions of desorbed hydrogen are
n doped with 3'P by introducing a gaseous PH; precursor
into the chamber, which adsorbs to the silicon surface only
where the hydrogen has been removed. Subsequent anneal-
ing (at 350 °C) incorporates the >'P atoms into the silicon
crystal. Removing only a few hydrogen atoms allows the
fabrication of atomic scale donor quantum dots. The device
is then encapsulated with 50 nm of silicon, grown by
molecular-beam epitaxy. The resulting structure consists
of the qubit device embedded in crystalline silicon. The
device is then removed from the STM chamber and con-
tacted electrically with aluminium Ohmic contacts through
etched via holes.

Measurement details: The device chip is bonded to
a PCB to deliver high-frequency signals and dc voltages
then mounted to the cold finger of a dilution refriger-
ator with approximately 80 mK base temperature. We
use a NbTiN superconducting spiral inductor for reflec-
tometry measurements, with a resonance frequency of
approximately 130 MHz and a loaded quality factor of
approximately 400 when bonded to L1. An ac signal
is first attenuated before being applied to L1, with the
reflected signal being separated to the output chain using
a directional coupler, before amplification (at 4 K using
a CITLF3 low-noise amplifier, and at room temperature
with a Pasternack PE15A1012), demodulation (Polyphase
ADO0105B) and acquisition with a digitiser card (NI-USB-
6363). Spin readout pulse sequences are generated by an
AWG (Tektronix AWG5204).
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