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Multimodule microwave assembly for fast readout and charge-noise
characterization of silicon quantum dots
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Fast measurements of quantum devices is useful in areas such as quantum sensing, quantum comput-
ing, and nanodevice quality analysis. Here, we develop a superconductor-semiconductor multimodule
microwave assembly to demonstrate charge-state readout at the state of the art. The assembly consist of
a superconducting readout resonator interfaced to a silicon-on-insulator (SOI) chiplet containing quantum
dots (QDs) in a high-« nanowire transistor. The superconducting chiplet contains resonant and coupling
elements as well as LC filters that, when interfaced with the silicon chip, result in a resonant frequency
f =2.12 GHz, a loaded quality factor O = 850, and a resonator impedance Z = 470 Q2. Combined with
the large gate lever arms of SOI technology, we achieve a minimum integration time for single and dou-
ble QD transitions of 2.77 and 13.5 ns, respectively. We utilize the assembly to measure charge noise
over 9 decades of frequency up to 500 kHz and find a 1/f dependence across the whole frequency
spectrum as well as a charge-noise level of 4 weV/+/Hz at 1 Hz. The modular microwave circuitry
presented here can be directly utilized in conjunction with other quantum devices to improve the read-
out performance as well as enable large bandwidth noise spectroscopy, all without the complexity of
superconductor-semiconductor monolithic fabrication.
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I. INTRODUCTION

Fast charge readout is a desired quality for many solid-
state quantum technologies [1-5]. It enables dynamical
studies of these systems [6,7], provides a means to explore
their noise spectrum [8] and, for example, finds appli-
cations in qubit state readout [9—11], measurement of
mechanical motion [12], and fast thermometry at the
nanoscale [13,14].
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Particularly, for silicon-based spin qubits, fast charge
measurements along with spin-to-charge conversion tech-
niques [15,16] have enabled high-fidelity read out in short
timescales, fulfilling one of the requirements for fault-
tolerant quantum computing [17]. In conjunction with
high-fidelity one- and two-qubit gates [18—20], the demon-
strations of simple instances of quantum error correc-
tion [21], the operation of a six-qubit processor [22] and
the compatibility with advanced manufacturing techniques
[23-27], these steps show progress towards a scalable
silicon-based quantum computer [28].

Silicon spin qubits are typically read using dissipative
charge sensors like the single-electron transistor (SET)
whose bandwidth can be increased to the MHz range by
embedding the device in a high-frequency resonator [29].
To minimize the impact of the sensing method on quan-
tum processor layout [30—33], recent work has focused on
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resonant dispersive readout methods such as the single-
electron box (SEB) [34,35] and irn situ readout [36,37].
Monolithic integration of the device and resonator on the
same chip has lead to the highest charge readout rates both
for the SEB [38] as well as for in situ readout [39] due
to the reduced parasitics that result in higher operation
frequency, quality factor, and resonator impedance. Addi-
tionally, monolithically integrated resonators have been
used to explore circuit quantum electrodynamics with sili-
con spins [40—42]. However, monolithic integration poses
fabrication challenges and may interfere with high qubit
connectivity. On the other hand, multimodule microwave
assemblies, in which the resonant circuitry is fabricated in
a separate chiplet to the device [43], offers the flexibility to
independently optimize the layout and fabrication recipes
for both technologies at the expense of typically lower per-
formance. Recent advances on microwave assembly using
inductively coupled superconducting resonators, however,
have resulted in values at the state of the art, specially for
systems with high device-resonator coupling [44].

In this work, we develop a superconductor-semiconductor
multimodule microwave assembly consisting of a niobium
titanium nitride (Nb-Ti-N) on a sapphire superconducting
chiplet connected to a fully depleted silicon-on-insulator
(SOI) high-« oxide transistor housing multiple quantum
dots (QDs). The design is optimized to achieve a large
internal quality factor Qi of 1600 and a resonant fre-
quency f; of 2.1 GHz. We characterize the sensor sensitiv-
ity to dot-to-reservoir transitions (DRT) corresponding to
the SEB mode of operation, and an interdot-charge transi-
tion (ICT) corresponding to an in situ measurement. We
find a minimum integration time (for a SNR of 1) #yiy
of 2.77 £ 0.01 ns and 13.5 + 0.3 ns for the SEB and in
situ measurements, respectively, which come near to the
state of the art achieved using monolithic resonators and
quantum-limited amplifiers. Furthermore, the performance
of the SEB reported here approaches that of the best SET.

Furthermore, we use the large sensitivity of the assem-
bly to characterize interdot charge noise at high fre-
quencies. We find a 1/f dependence over 9 decades of
frequency up to 500 kHz and a charge-noise level of
4 weV/+/Hz at 1 Hz. Our result demonstrates a simple
method to extend the high-frequency end of the spectrum
beyond those achieved using qubit measurements [45] and
highlights that low charge-noise levels can be achieved
with high-« oxides. While our results are based on sili-
con devices, the microwave module presented here can be
readily utilized with any charge-based system to facilitate
improved readout performance.

II. RESONATOR DESIGN

In Fig. 1(a), we present the equivalent circuit of the
hanger mode resonator we use to read quantum devices
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FIG. 1. (a) A hanger mode LCR resonator used for capacitive

sensing consisting of the resonator (blue), a load (red) illustrated
by an SEM image of a similar device and a coupling capacitor
(green) for impedance matching. The response of the load can
be understood as an equivalent parallel Sisyphus resistance and
parametric capacitance. Reflected magnitude (b) and phase (c)
near the resonance frequency. Pink represents the resonator with
the LC filter while gray is the resonator bonded to an alternative
surface mount RC filter. (d) CAD design of the LC resonator and
filter used in this study. Black tracks represent Nb-Ti-N. Indi-
cated are the resonator (blue), the coupling capacitor (green), the
LC filter (pink), and where the load and dc biases are wire bonded
to (red and orange). The entire resonator and LC filter reside on
the same sapphire substrate.

[29]. It consists of the resonator—represented by an induc-
tor (L) in parallel with a capacitance (C},) and dissipative
losses (R)y—coupled to an rf line via a coupling capacitor
(C.). The resonator is connected to a load (i.e., the quan-
tum device), which, for QD devices, can be represented
as the parallel combination of a variable capacitance (the
quantum capacitance, Cq) and the Sisyphus resistance (Rs)
[46,47].

We design the resonator based off previous multimodule
approaches [44,48,49] but make two significant improve-
ments: (i) We utilize an on-chip coupling capacitor as
well as a spiral inductor to enable independent control of
the resonator frequency f;, and the coupling coefficient,
B. Further, the planar interdigitated capacitor minimizes
circuit losses with respect to surface mount components.
(i) We utilize superconducting LC filters on the dc bias-
ing line, instead of surface mount RC filters. We integrate
the LC filters on the resonator chip. These reactive fil-
ters have been used in monolithically integrated resonators
and increase the internal quality factor [50], increasing
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the charge sensitivity but also reducing the size of cou-
pling capacitor required for impedance matching. Off-chip
lumped-element LC circuits have been used in classi-
cal electronics using a flip-chip approach for filtering
[51,52], and as resonators to study the interaction of pho-
tons with spin ensembles [53,54]. Additionally, flip chip
has been used to interface distributed microwave circuits
(resonators and filters) with silicon QD systems [43,55].

We present the resonator implementation in Fig. 1(d).
The resonator consists of a spiral inductor (blue dashed
rectangle), surrounding an interdigitated coupling capac-
itor (green dashed rectangle). We utilize the spiral side of
the capacitor to connect to devices (resulting in a parallel
configuration with the resonator) while we bond the other
side to the rf input line. We route the outer end of the induc-
tor to an LC filter (pink dashed rectangle) used to provide
an rf ground while allowing dc signals to be applied. The
LC filter consists of an interdigitated capacitor to a ground
plane on the sapphire chip, as well as a spiral inductor
(Lgie ~ 300 nH, Cq ~ 1 pF). All components are made
of 80-nm Nb-Ti-N on sapphire with a critical temperature
of 12.5 K and a kinetic inductance of 2.6 pH/[] commer-
cially fabricated by STAR Cryoelectronics. For specifics
on the dimensions of the individual resonator component
see Appendix A.

To quantify the improvement provided by the addition
of the LC filter to the resonator assembly, we connect the
resonator by wire bonding to a p-type FDSOI nanowire
transistor of large dimensions (10 pm wide x 120 nm long
x 8 nm high) to simulate a variable load impedance. For
an image showing the wire-bonded setup, see Appendix
B. The device has the same gate stack as the QD devices
to be studied later: a 1.3 nm equivalent oxide thickness
of high-« HfSiON gate dielectric and a combination of 5-
nm-thick TiN and 50-nm polycrystalline silicon layers as
the gate metal. We then characterize the resonance using
a vector network analyzer (VNA) inside a pumped helium
system at 2 K. We measure the resonator assembly in two
different configurations and compare the results: (i) dc bias
applied through the LC filter (orange dashed square) and
(i1) dc bias applied through a surface mount RC low-pass
filter (C = 100 pF and R = 10 k) bonded to the load side
of the inductor (effectively bypassing the LC filter). We
plot the magnitude (I") and phase of the reflection coef-
ficient in the two resonator configurations in Figs. 1(b) and
1(c) (pink and blue traces, respectively). From the plots,
we extract the loaded and internal quality factors for case
i(ii) of QO = 394(181) and Qi,; = 900(280), respectively.
We observe an improvement of a factor of approximately
3 indicating the positive impact of the LC filter in reduc-
ing internal losses. Furthermore, although not represented
in the plot, we note a higher resonance with the LC filter
(2059 versus 1880 MHz), which can be attributed to the fil-
ter capacitance Cy resulting in a reduction in the effective
inductance of the resonator, L.g ~ L[1 — (C, + C)/Cp)].
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FIG. 2. (a) Cross section of the silicon nanowire transistor

along the direction of the gate (not to scale), showing the
TiN+poly gate with HfSiON/SiO, dielectric surrounding a B-
doped Si channel. The nanowire sits on a buried oxide (BOX)
below which the silicon substrate can be used as a back gate
when illuminated. (b) Stability map indicating the location of the
ICT (green) and DRT (blue) read-out locations. Frequency shifts
versus detuning maps for the ICT (c) and DRT (d), respectively.

For a detailed derivation see Appendix C. As we shall see
in the later part of this article, we observe larger quality
factors when testing the assembly with smaller transis-
tors at millikelvin temperatures. Such a difference can be
explained by (i) the larger area, and hence loss, of the tran-
sistors used in this preliminary study and (ii) the TiN layer
of the gate stack turning superconducting at approximately
equal to 1 K.

II1. DISPERSIVE INTERACTION

In this section, we explore the dispersive interaction
between the microwave resonator and QDs in a silicon
nanowire transistor, see Fig. 2(a). We select a resonator
with an effective L of 31 nH, a C. of 40 fF and a G,
(including that of the silicon chiplet) of 140 fF resulting
in a resonance frequency of 2116 MHz and a resonator
impedance Z, = 470 Q2. We connect the resonator to a sin-
gle gate SOI nanowire transistor with a channel width of
120 nm, a length of 60 nm, and height of 8 nm, and a
boron channel doping density of 5 x 10'7 cm™. We use
additional LC filters (part superconducting chiplet) on the
source and drain electrodes. We use the back-gate voltage
Vg as well as the top-gate voltage V, to bias the device to
an ICT between a corner dot [56,57] and a boron acceptor
with overall charge configurations (N+1p, 0g) to (Np,13),
see Fig. 2(b). Here, we plot the normalized resonator phase
shift. Besides, we see signal at the DRT of the corner dot.
We choose this voltage region for its low charge noise.
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We characterize the ICT and DRT at the measure-
ment points indicated by the dashed lines and find gate
lever arms ojct = 0.53 £0.03 and aprt = 0.72 £ 0.03,
extracted from Landau-Zener-Stiickelberg interferometry
[58,59]. We extract the tunnel coupling and tunnel rate
of the ICT and DRT, respectively from their transition
linewidth [46,60] and obtain 2¢. /27 = 15.6 £ 0.4 GHz for
the ICT and I' /27 = 10.2 & 0.2 GHz for the DRT.

Next, in Figs. 2(c), 2(d), we measure the resonator’s dis-
persive shift induced by the ICT and DRT. To vary the
detuning from the charge transition point, we change the
top-gate voltage. We fit the resonance at each point in
detuning to extract the resonant frequency f; and linewidth,
k. Away from the charge transitions, we extract a bare
resonator frequency of fy =2.116 GHz with linewidth
k/2m = 2.5 MHz (kjnt/2wr = 1.05 MHz). We find a fre-
quency shift of 1.8 MHz for the ICT and 5.6 MHz for
the DRT. Further, for the ICT, we extract a coherent cou-
pling rate go/27=168 MHz, a charge decoherence rate
of y/2n=1.45 GHz and a tunnel coupling 2¢./27=17.7
GHz that closely matches the value extracted from line-
shape analysis. Charge decoherence rates, y /2w, in the
range 1-10 GHz have previously been reported in silicon
nanowire transistors like the one studied here [44,59,61,
62]. For more details on the extraction of parameters from
these fits, see Appendix E.

In both cases, Af is of the order of k, which is the con-
dition for maximum state visibility (Af /« /27 = 0.72 for
the ICT and 2.24 for the DRT) [44]. We exploit this regime
for fast readout.

IV. MEASUREMENT TIME: DRT AND ICT

We now characterize the dispersive-readout perfor-
mance on the DRT and the ICT. To quantify the perfor-
mance, we utilize the power SNR of the transitions at a
given integration time, #;,,c,s. The measurements at the DRT
represent the expected charge-readout performance of a
SEB [11,34,63—65] while the measurements at the ICT are
equivalent to the expected charge-readout performance in
Pauli-spin blockade-based schemes [66—70].

To extract the signal, we measure the difference in the
1Q resonator response ON and OFF the DRT (or ICT) peak.
We first tune the device ON (OFF) the measurement point,
followed by a wait period (100 ws) much longer than
the bandwidth of the dc line to stabilize the gate volt-
age and precondition the resonator, removing effects due
to resonator ring up. We then integrate the response for
t = tmeas- We present the results in Fig. 3(a) where we plot
a two-dimensional (2D) histogram of the outcome of 1000
measurements where the /Q signal has been integrated for
100 ns. We observe two well-defined Fresnel lollipops with
2D standard deviation ognof), Which allows defining the
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FIG. 3. (a)Histogram of signal and background measurements
obtained for the DRT at #neas = 100 ns (f = 2116 MHz, power
of —105 dBm). In red, we show the distance and standard
deviation of the two measurement outcomes used for the SNR
calculations. (b) SNR and infidelity as a function of #ye,s for the
DRT (blue) and ICT (green) at the optimum read-out power of
—105 dBm and frequency of 2116 MHz for the DRT and 2116.8
MHz for the ICT. The SNR is limited in the three regimes by
finite bandwidth #, (pink), white noise (cyan), and 1/f" noise
(red). (¢) tmin measured against power at frequencies of 2117.2
MHz for the ICT and 2115.4 MHz for the DRT. (d) £, against
measurement frequency, measured at —120 and —110 dBm for
the ICT and DRT, respectively.

SNR,

(Ion - Ioff)z + (Qon - Qoﬁ)z

SNR =
0.25(00n + Tof)?

(1)

We note that at low integration times, as in panel (a), the
noise level for both states is equal and set by the cryogenic
amplifier. Next, in Fig. 3(b), we explore the dependence
of the SNR with #peas. To do this, we measure the signal
using a sampling rate of 250 MHz (4 ns per point) with a
total measurement time of 4 s, to measure the low end
of the fneas range, followed by a second measurement with
a sampling rate of 5 MHz and total measurement time of
500 ps that covers the large tye,s range. We then use a
moving average to generate data at various effective #eas.
Each data point is composed of 1000 shots ON and OFF the
ICT and DRT. We see that at low a5, the SNR follows
the expected linear relationship for white noise-dominated
data set by [71]

)

SNR = (tmeas + t())E ,

Imin

where ¢, relates to the bandwidth of the measurement setup
and ty, corresponds to the integration time for SNR = 1
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(at large measurement bandwidth), which we used as a
characteristic figure of merit [29]. Besides, ¢ is determined
by the noise type with ¢ = 1 corresponding to white noise
and ¢ < 1 for pink and red noise.

At high #y,c, [red regime Fig. 3(b)], the data deviates
from the linear trend and the SNR increases at a lower rate,
characterized by ¢ < 1. This can be explained by a transi-
tion from white noise to 1/f " noise-dominated spectrum
with a corner frequency around 1 MHz, see Appendix F
showing the distortion of the on-state Fresnel lollipop due
to excess noise. At very low fneas [pink regime Fig. 3(b)],
we also find a deviation from the linear trend, which can be
attributed to a finite bandwidth of the measurement setup
on the order of #, ~ 2 ns, matching well the bandwidth
of the /Q demodulator at 275 MHz. At the fastest readout
time achievable by our measurement setup (4 ns) we find
an SNR of 1.88 (0.32) for the DRT (ICT).

By fitting the low #,e,s regime to Eq. (2) with ¢ =1,
we extract a fp;, = 13.5 £ 0.3 ns for the ICT and ¢, =
2.77 £ 0.01 ns for the DRT. The DRT readout figure rep-
resents the lowest reported using a multimodule assembly
and approaches the best reported values for monolithic res-
onator integration (1.8 ns [38]) and SET readout (0.625 ns
[72]). The ICT figure also comes near to those reported in
the literature [44,73].

Additionally, in panel (b), we plot the measurement infi-
delity, i.e., the likelihood of mislabeling the state of the
system. The electrical infidelity is directly related to the
SNR via,

IE=1—FE=%[1—erf<§l\/l_;>}, 3)

where Fg and [g are the electrical fidelity and infidelity,
respectively, and erf is the error function. We achieve
an electrical infidelity of 10™* at 53 47 (280 & 70) ns
for the DRT(ICT). Similarly, we achieve an infidelity of
1078 at 0.12+£0.03 (0.6 4+0.2) s for the DRT(ICT).
We stress that this is the electrical infidelity correspond-
ing to electrical readout errors associated to the quality
of the sensor only. When used for qubit-state read out,
state decay (7 processes) can also introduce readout errors
[74]. In any case, for a given 7}, a shorter measurement
time reduces the likelihood of state decay and therefore
improves fidelity.

Using fmin as a figure of merit for comparison [29], we
now characterize the read-out performance against mea-
surement power and frequency [Figs. 3(c) and 3(d)]. For
the measurement power, we find #,,;, decreases for increas-
ing power until it reaches a minimum at —100 and —105
dBm for the ICT and DRT, respectively. This trend can be
explained by noting that the signal strength is proportional
to the number of photons populating the resonator. How-
ever, at intermediate powers, photon backaction causes a
broadening of the linewidth, which reduces the dispersive

frequency shift on the resonator, reducing the difference
between the ON and OFF states [75]. Finally, at high pow-
ers, the large driving induces increased kinetic inductance
and losses in the resonator, decreasing its quality factor and
therefore reducing its sensitivity (see Appendix G).

Next, in Fig. 3(d), we measure fn;, as a function of fre-
quency and fixed power (below power broadening levels).
Under these conditions, the frequency shift caused by the
charge transition is that shown in Fig. 2(c). We find that f;,
exhibits a plateau, where its value is minimum, within the
frequency range between the bare and loaded frequency
of the resonator, a frequency bandwidth of the order of
Af . We note that when applying higher powers, close to
the optimal, Af* decreases and therefore narrows the opti-
mal frequency window. The optimum read-out frequency
for high power narrows down around the bare resonance
frequency (Cochrane ef al. in preparation).

V. CHARGE-NOISE MEASUREMENTS

Having characterized the large SNR of the resonator,
we now utilize it to determine the charge-noise spectrum
of the device. Particularly, we study charge noise at the
ICT. Charge noise results in time-dependent variations
of both the detuning and tunnel coupling between QDs
impacting the fidelity of qubit operations [45]. Understand-
ing its magnitude and frequency dependence is hence of
high relevance to determine device quality. Charge noise is
typically characterized in terms of the detuning noise spec-
tral density (S ), which follows a power-law dependence
given by

So

See :f_na

“4)

where /Sy is the characteristic charge noise at 1 Hz and
the exponent n is typically around 1 with values rang-
ing between 0.5 and 2 [76]. The power-law dependence
arises by considering an ensemble of two-level fluctuators
(TLFs) with a uniform distribution of activation energies
and interactions between them. Typically, charge noise is
measured in the frequency range around 1 Hz and quoted
in terms of the characteristic value +/Sy. However, mea-
suring charge noise at high frequencies is essential to
determine whether the power law observed at low frequen-
cies extends to the regime at which qubit operations occur.
Here, we utilize the resonator to cover charge noise over 9
decades of frequency extending up to 500 kHz, see Fig. 4.
To cover the frequency range, we utilize two methods:
peak tracking and voltage spectroscopy [77].

Peak tracking (bottom left insert) operates by repeat-
edly measuring the voltage at which the peak of the charge
transition occurs. The voltage noise spectral density (Syy)
is then translated into the detuning noise spectral den-
sity by using the ICT lever arm: S, = oszTSVV. We use
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FIG. 4. Charge-noise spectral density against frequency from peak tracking (red) and voltage spectroscopy (blue). Fits are in black
and green, respectively. The data in gray shows the equivalent setup noise. Insert lower left: peak location as a function of time used
to extract the charge noise. Insert upper right: line trace of the ICT used to extract the slope of the signal with gate voltage.

peak tracking to cover the range 10~ to 10' Hz. Volt-
age spectroscopy (top right insert) quantifies the voltage
signal fluctuations at a fixed detuning point, in this case
the signal in quadrature (Q) at the point of highest deriva-
tive. The detuning noise spectral density can then be
calculated as Sce = af-1Sp0/(30/3V,)?* where Sgp is the
quadrature voltage noise spectral density. We use voltage
spectroscopy in the regime from 10° to 103 Hz.

Finally, we measure the resonator and measurement
setup noise in the same way as voltage spectroscopy, how-
ever this time we detune the device away from any charge
transitions. In order to compare this to the charge-noise
data we transform the data using the same conversion to
report an equivalent S, (see gray trace in Fig. 4). We find
this noise to be well below the recorded S, for all but the
highest frequencies.

We fit Eq. (H1) to the peak tracking and voltage-
spectroscopy data. We include a functional modification
to the equation to account for aliasing due to finite sam-
pling rate that becomes apparent as an upward bend at the
high-frequency end of both datasets (see Appendix H). We
find a charge noise of 3.9(4.0) weV/+/Hz and exponent
0f 0.99(0.99) for the peak tracking (voltage spectroscopy)
method. In the low-frequency regime of the peak track-
ing below 1072 Hz the charge noise drops off, which may
be due to the dominant effect of one or more TLFs with
characteristic frequency below 102 Hz. Similar results
have been reported in the literature [24,78,79] although
further investigation would be necessary to confirm it in
this device. We recall that the measurement location was
partially chosen due to its low charge noise. We addition-
ally measure charge noise at other combinations of gate

and back-gate voltages of the device (not shown) and find
/S values in the range of 4.0-10 peV/+/Hz.

The charge-noise figure demonstrated here is larger than
the state of the art for an MOS structure (0.61 weV/+/Hz
[24]) but is within the values reported for other SiO,-
only oxide nanowire transistors and below the figure in
the few-electron limit [79]. We highlight that the oxide
in our sample is composed of 0.8-nm SiO, and 1.9-nm
HfSiON. Such high-« dielectrics have been associated
with a high oxide trap density, which could negatively
impact the charge-noise figure [57]. Our result demon-
strates that high-x oxides are not necessarily worse than
Si0,-based devices while they provide tighter control of
the QD electrostatics manifested in the large gate lever
arms reported for high-« technology [48,80].

With the high SNR demonstrated here and the combina-
tion of the two methods, we cover the charge-noise spec-
trum over 9 decades of frequency up to 500 kHz, an upper
frequency range comparable to qubit operation rates. Pre-
vious work measured charge noise over 5 decades and up
to 1 Hz using a combination of current spectroscopy, peak
tracking, and variations in charge dephasing exchange con-
trol experiments [77]. Struck et al. [76] measured the
charge noise of an SET over 9 decades of frequency up to
10 kHz using current spectroscopy. Finally, CPMG meth-
ods have been used to study the impact of charge noise
on qubit properties for frequencies up to 320 kHz [45] and
2 MHz [81]. Overall, our work demonstrates an easy to
use method to study charge noise at the high-frequency
end, which is relevant to individual qubit operations and
directly at the ICT without the need of separate charge
sensors that may contribute to the charge-noise figure.
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Besides, our approach may facilitate device quality char-
acterization and setup noise debugging at high frequencies
without the need to resort to qubit measurements.

VI. DISCUSSION

In this article, we have achieved state-of-the-art charge-
readout rates utilizing a multimodule microwave assembly.
To facilitate the discussion of our results, we will introduce
the dependence of #y,;, with system variables as calculated
for small dispersive signals and large tunnel rates [11],

(A+B7 keTy 11
:3 (ea)Z Qinterr2 ’

)

min

where T, is the noise temperature.

First of all, with the capacitively coupled microwave
assembly, we have looked to comparatively increase the
resonator frequency f. over other multimodule approaches
while keeping control over the external coupling, 8. Sec-
ondly, we have introduced an integrated LC filter on the
gate line to increase the quality factor of the resonator
and obtained an improvement in Q (Qpy) by a factor of
2.2 (3.2). Our data follows a similar trend to results on
high-frequency (6—8 GHz), high-impedance (on the order
of a few k) distributed wave-guide resonators [50,82]
that showed an improvement of one order of magnitude.
To understand the lower improvement factor, we refer to
the expression of the microwave photon leak rate through
the dc lines (k4.) [82,83]: kg = 1672f,3Z,Z4.C5., where
Z4. the impedance of the dc line and Cy. is the capaci-
tance from the resonator to the dc line. The aim of the
LC filter has been to reduce the Zy. a microwave photon
experiences towards the dc line. The comparatively lower
improvement in our case could be attributed to the lower f;
and Z;, making x4 a less prominent loss mechanism.

To benchmark our results against the reports in the lit-
erature, we use the figure of merit of #,;,. We note that
the metric is load aware due to the lever arm, « [see
Eq. (5)]. Across the field, there are large differences in «
ranging from values close to « & 1, particularly thin SOI
devices [48], to much smaller values & ~ 0.1, for example,
in Si/SiGe quantum wells [22]. To facilitate a resonator-
only comparison, we suggest an additional load-agnostic
metric: ¢, = fmin®. This choice of metric has two benefits:
(1) It allows a better comparison of read-out performance
of different resonator across different platforms and (ii) it
gives a tool to estimate how well a particular superconduct-
ing chiplet would perform on a different quantum system.
In Table I, we show a nonexhaustive list of reflectometry
based read-out results of QD systems extracted from the
literature.

First of all, we see that both the SEB and in situ read-
out demonstrations in this article perform near the state
of the art in terms of #,;,. Besides, we note that, in our

work, 7, at the DRT and the ICT differ by a factor of
about 2.6. This difference, not captured in Eq. (5), could
be attributed to the increase in photon loss rate at the DRT
(Ax = 1.8 MHz) compared to the ICT (Ax = 0.15 MHz),
which can be understood as a resistive component to the
signal, adding on top of the capacitive one.

While both the SEB and in situ readout results display
min approaching the state of the art, a comparison through
t, shows that on-chip microwave resonators are ultimately
a better choice in terms of enabling high measurement rates
for a given technology. This can be particularly appreciated
in the SEB results in SiGe [38]. The confined geometry,
use of high-quality substrates and the use of high kinetic
inductance materials in these systems enables a higher
frequency, O, and impedance.

However, the impact of the footprint of on-chip res-
onators have on quantum processor topology is not neg-
ligible and they come with the additional complexity of
hybrid superconductor-semiconductor fabrication.

There is significant room for improvement for multi-
module microwave assemblies. High kinetic inductance
materials such as titanium nitride [85] and granular alu-
minium [86] could be used to further reduce the footprint
of the resonators, reducing the parasitic capacitance and
therefore increasing their impedance and frequency.

Additionally, the use of a Josephson parametric ampli-
fier (JPA) could further improve readout of the microwave
assembly studied here. For example, we note that in situ
readout results with on-chip resonators have only reported
a higher performance when in conjunction with a JPA,
which has the role of reducing 7}, [73]. In this context,
a JPA in conjunction with the multimodule microwave
assembly presented here could result in a reduction factor
of approximately 20 in #y;,, given the typical noise tem-
perature of state-of-the-art cryogenic amplifiers (75, = 2.5
K) and the frequency and temperature (7' = 100 mK) of
operation of our system.

Finally, we also benchmark our results against the most
sensitive charge sensor to date: the rf SET. Particularly,
we see that the SEB demonstrated here (£, = 2.77 ns)
approaches the best result for the SET, 625 ps [72], sup-
porting the idea that dispersive readout methods could be
as sensitive as dissipative ones [11]. In more detail, it
was recently theoretically proposed that the signal gener-
ated by the single-electron ac currents in the SEB, when
driven at high frequencies, could become of the order of
the large single-electron currents flowing through SETs,
resulting in comparable sensitivities under the same sys-
tem noise levels. Furthermore, it was proposed that JPAs
could reduce the noise levels more efficiently in dispersive
systems given that the ultimate noise source, the Sisyphus
noise [87], can be made smaller that the SET’s shot noise.
The results in this article support this theory and encourage
further measurements combining high-frequency strongly
coupled SEBs in conjunction with quantum-limited
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TABLE I. Minimum measurement time comparison of reported charge sensors in the literature. T tmin Was not reported but the
amplitude SNR was reported at a different integration time and #,,;, was calculated assuming SNR = (fmeas/fmin) /2. *o Was not reported
but as an estimate « from a similar system and the same group but different paper was used [84]. ¥ « not directly given in the paper but
calculated from the FWHM and I" supplied.

Reference Platform Sensor type Resonator type  #in (1S) o FminQ2 (ns)
This work Si-SOI nanowire SEB Multimodule 2.77 0.72 1.44
In situ Multimodule 13.5 0.53 3.79
Borjans et al. [38] Si/SiGe SEB On chip 1.8 0.1% 0.018*
Oakes, Ciriano-Tejel et al. [11] Si-SOI nanowire SEB (JPA on) Multimodule 100 0.35 12
SEB (JPA off) Multimodule 450 0.35 55
Si-SOI nanowire SEB Multimodule 170 0.4 27
House et al. [34] P donor is Si SEB Multimodule 550 0.45 111
Hogg et al. [65] P donor is Si SEB Multimodule 720 0.38 104
Stehlik et al. [73] InAs nanowire In situ (JPA on) On chip 7 0.15* 0.16*
In situ (JPA off) On chip 16000 0.15% 360%*
Ibberson et al. [44] Si-SOI nanowire In situ Multimodule 10 0.72 52
Schaal et al. [49] Si-SOI nanowire  In situ (JPA on) Multimodule 80 0.36 10.4
In situ (JPA off) Multimodule 1200 0.36 156
Zheng et al. [39] Si/SiGe In situ On chip 170 Not given .
Keith et al. [72] P donor is Si SET Multimodule 0.6257 NA
Noiri et al. [10] Si/SiGe SET Multimodule 227 NA
House et al. [34] P donor is Si SET Multimodule 55 NA

amplification. We also note that progress in dispersive
readout methods over SETs would benefit the development
of compact quantum processor topologies. In particular,
dissipative charge sensors like the SET require three phys-
ical contacts additional to the qubit to be sensed, whereas
the SEB just requires two. In the case of in sifu readout
only the two electrodes controlling a double QD system
are needed to implement the method.

VII. CONCLUSION

In conclusion, we have shown the design of a multimod-
ule resonance circuit containing an integrated capacitive
coupling element, a spiral inductor and LC low-pass fil-
ters to the bias lines. We use the resonant module in
conjunction with a Si-nanowire transistor to achieve a res-
onance frequency and Qy in excess of 2 GHz and 2000,
respectively. We detect QD DRTs and QD-boron ICTs and
operate these as SEB and in sifu dispersive readout, respec-
tively. We find a large SNR resulting in the lowest so far
reported #y;, for dispersively detected charge sensors using
a multimodule assembly and approaching the state of the
art tyin of the monolithically integrated resonators and that
of the SET. Finally, we use the large SNR to measure the
charge noise of the ICT over 9 orders of magnitude up
to 500 kHz using purely voltage spectroscopy. This work
pushes the limits of charge sensitivity using dispersive
readout and provides a transferable platform to improve
the sensitivity of other charge-based quantum systems. The
improvement in read-out sensitivity will directly impact

the achievable read-out time and state fidelity of semicon-
ductor spin qubit systems helping in the development of a
fault-tolerant quantum computer.
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APPENDIX A: DESIGN DETAILS OF
SUPERCONDUCTING RESONATOR AND FILTER

In this section, we discuss the design of the inductance
and capacitance values of the superconducting resonator
and how these translate into its physical dimensions. Given
an estimate of the parasitic capacitance on the load chip of
the order of 200 fF, we targeted inductances on the order
of 20-40 nH to achieve a f; &~ 2 GHz. Given an estimate
of parasitic losses of the circuit between 0.1-1 MQ we
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(a)

23 x 3 um
—

200 pm

(b)

—
100 um

FIG. 5. Schematic of spiral inductor and coupling capacitor
(a) and section of the interdigitated filter capacitor (b) with
dimensions.

calculated the required coupling capacitor for the match-
ing condition [C¢matching = (L + v/ L? +4LCZyR) /2ZyR)]
between 1040 fF.

In order to estimate the inductance and capacitance of
the various circuit elements, we used AWR Microwave
Office, a finite-element rf simulator, to simulate the ele-
ments before fabrication. We designed spiral inductors
with an elongated middle section to create space for the
coupling capacitor [see Fig. 5(a)]. There are no sim-
ple, analytical equations for the inductance of such spiral
inductors. Nevertheless, the inductance can be guided by
equations for circular spiral inductors, namely L o n*d
where # is the number of turns and d is the diameter [88].
In our designs, we fixed the inner diameter to 200 wm with
a horizontal elongation of 200 pm and used #» as a tuning
parameter to select the inductance.

For the coupling capacitor and filter capacitor, we made
use of interdigitated capacitors [Figs. 5(a) and 5(b)]. The
capacitance of these can be predicted using conformal
mapping techniques [89]. For design purposes, it is useful
to note that the capacitance is approximately linear with
the number and length of fingers of the capacitor. To keep
the designs between resonators with different C, as simi-
lar as possible, we fixed the finger length to 50 pm and
varied the number of fingers between 4 and 16 to achieve
a capacitance of 1040 fF. For the filter capacitor, we set
the finger length to 100 wm instead and used 100 fingers
on either side of the capacitor to get to a capacitance of
approximately equal to 1 pF.

Si chip containing
quantum dot device

Nb-Ti-N inductor
and coupling capacitor

Nb-Ti-N LC filter

Sapphire chip

FIG. 6. Picture showing resonator components wire bonded
to the device. The bottom chip contains the Nb-Ti-N resonator
and coupling capacitor (top right) and four LC filters on sap-
phire, three of them connected to the source drain and gate of
the device. The top chip contains the silicon QD device.

A final set of parameters are the track width (w) and
separation (s). In general, lower values of w and s make
the designs smaller leading to lower parasitic capacitances
to ground and smaller footprints, however they can also
make fabrication more challenging and increase capaci-
tance between adjacent turns of the inductor. Finally, if
there are impurities in the substrate these can couple more
strongly with confined electric fields between features with
smaller s and therefore reduce the Q of the resonator. For
our designs, we chose 3 wm for w and s.

APPENDIX B: RESONATOR TO DEVICE
CONNECTION

A picture showing how the resonator and device chips
are wire bonded to each other and the PCB is shown in
Fig. 6.

APPENDIX C: INDUCTANCE CORRECTION FOR
A FINITE FILTER CAPACITOR

For a capacitively coupled resonator with a filter capac-
itor behind the inductor [Fig. 7(a)], it can be shown that
in the limit of the negligible resistances the resonance
frequency, wy, is given by

C+ Cc>’ )

1
i (o
L(C+C,) Chit

where L, C., C, Cgy, are the inductance, coupling capaci-
tance, resonator capacitance, and filter capacitance, respec-
tively. Noting that the resonance frequency without Cgy is
given by the first term, we can see that the resonance fre-
quency is corrected upwards by a factor depending on how
large the filter capacitance is with respect to the bare capac-
itance of the circuit. Intuitively, this can be understood
by analyzing the impedance of the inductor in series with
the filter capacitor [Fig. 7(b)] and therefore calculating an
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FIG. 7. (a) Circuit schematic of capacitively coupled LCR res-
onator with filter capacitance. (b) Circuit schematic of inductor
and filter capacitor.

effective inductance given by

— C2
w2LCﬁlt) €2

1
Zichie =J oL + - =joL (1
J oCie

Lar=1L (1 (C3)

1
B szCﬁlt> .

Inserting Eq. (C1) at resonance when @ = w; this sim-
plifies to

Lar=1L (1

where the approximation holds for Cgy > C+ C.. We
have shown that Cg;; introduces a correction term to w;,
which can be understood as a reduction of the effective
inductance of the resonator.

1.0
6
4
2 0.0

-800 =750 =700
v, (V)

C+C >~L<1 C+Cc>
Chit + C+ C; Chiit ’

(C4)

[=}
W

Vg V)
AT/T,

FIG. 8. Stability map of gate voltage (V) against back-gate
voltage (Vyg) recorded using reflectometry. The stability map
shows two boron-reservoir-transitions (the two diagonal lines
with larger slope) intersected by several DRTs (quasivertical
lines) creating ICTs at the intersection. The location of the
readout transition investigated here is clearly marked.

APPENDIX D: LARGE STABILITY MAP

The stability map of the device under study (Fig. 8)
shows two boron-reservoir-transitions (BRT) intersected
by several ICTs. DRTs can also be observed near the ICTs.

The different boron acceptors and quantum dots can be
distinguished by their different slope with respect to Ve
and V, indicating different lever arms.

APPENDIX E: FITTING DISPERSIVE SHIFT

In the case of the ICT, the frequency shift can be mod-
eled by a dispersive shift caused by a charge qubit onto the
resonator described by the Hamiltonian [44]:

hA
H = hAd'a + 762 + hgeff(anr—f—aTo_), (E1)

where Ay = wy — w is the frequency detuning from the
resonance frequency wy, A = Q — @y is the resonator-
qubit detuning with the qubit frequency 2, ger = go2f./ Q2
is the effective charge coupling rate. The shift in resonance
frequency and «* are given by

2
AN
_ 2 = —2et— E2
(a)l‘ 0)0)/ v A2 + )/2/4’ ( )
2
Kt = i 4 —Set? (E3)

A2+ y2/4°

where o, is the shifted resonance frequency as a function
of detuning, « is the bare photon loss rate and and y is the
charge qubit decoherence.

These equations allow us to fit the dispersive shift of the
ICT on the resonator from the signal reflected by the res-
onator. Due to standing waves in the reflected magnitude,
which made fitting difficult, we instead fit the phase as this
is known to give a reliable extraction of w, and «* [90].
The phase response of a resonator is given by

¢(f) = ¢o + 2tan”" [%(f —fo)] , (E4)

where ¢y is a constant phase offset.

Combining Eqgs. (E2) to (E4), we use Bayesian inference
to extract the parameters of interest from the phase data.
Each parameter is treated as a random variable with a prior
distribution and Markov chain Monte Carlo (MCMC) sam-
pling is used along with the likelihood of the experimental
data to sample from the posterior distribution of those
parameters [91,92]. This provides us with an accurate esti-
mate of the true uncertainty associated with these param-
eters based on our results [93—95]. Using this method, we
find go/2mr = 168 + 0.7 MHz, 2¢. = 17.7 = 0.1 GHz, and
y /2w = 1.45+ 0.1 GHz. We plot the phase data along
with its fit in Figs. 9(c) and 9(d).
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FIG. 9. Fitting procedure for dispersive shift measurements.

(a) Example fit to the phase of the reflected signal at large detun-
ing . (b) The frequency shift and « as a function of detuning
for the DRT and ICT, respectively. The dashed lines indicate
the Bayesian fit extracted from fitting the full phase data. (c)
Data and (d) fit of the whole ICT resonance using a charge
qubit-resonator interaction model.

To benchmark the fit we additionally extract «* and f;
from linecuts of the phase data at fixed detuning by fitting
to Eq. (E4) [example fit see Fig. 9(a)]. The phase change
of approximately 360° is characteristic of an overcoupled
resonator. We plot the extracted «* and f; as well as those
predicted by the Bayesian inference to the full phase data
in Fig. 9(b) and find them to be in good agreement. There
is significant noise in the extracted «*, which we attribute
to charge noise causing discrete detuning shifts [this is also
observable in the sharp lines in Fig. 9(c)].

APPENDIX F: EFFECT OF CHARGE NOISE ON
FRESNEL BLOBS

In the high #,.,s regime of the SNR measurements
[Fig. 3(b)], we see a reduction in the rate of increase of
the SNR. This can be attributed to a change in the noise
characteristic of the measurement, changing the exponent
in Eq. (1). At low f#yeas the noise is white noise (cryo-
genic amplifier), leading to a noise power dependence of
N o 1/tpeas arising from sampling from a normal dis-
tribution around a mean, and therefore a SNR & #peqs.
At large teqs, €xcess noise manifests, reducing the SNR.
This can be demonstrated by plotting the Fresnel blobs
of a measurement at large #c,s (Fig. 10). Note how the
ON-state measurement, being detuning dependent, shows a
significant elongation of the blob while the OFF-state blob
remains mostly unaffected.

O (arb. units)
Counts

1276
1
0 . i
-1
0
-1 0 1

1 (arb. units)

FIG. 10. Fresnel blobs of DRT with #e.s = 20 pus. Note that
the ON state is smeared by charge noise while the OFF state is not.

The two main sources of added noise are due to detuning
(¢) and tunnel noise (I or A.). Changes in detuning shift
the measurement point away from the center of the peak,
which reduces the signal. As the slope of the signal with
detuning is zero at € = 0 (see Fig. 4 upper right insert), the
signal is to first order insensitive to detuning noise. Tun-
nel noise can couple directly into the signal by changing
the peak height, however is often less severe. Coinciden-
tally, voltage spectroscopy is also sensitive to tunnel noise
and therefore the difference in the noise characteristic from
peak tracking (3.9 peV/+/Hz) and voltage spectroscopy
(4.0 pneV/+/Hz) can be used to demonstrate this.

APPENDIX G: KINETIC INDUCTANCE AND
LOSSES INTRODUCED IN RESONATOR BY
LARGE RF DRIVING POWER

At large driving powers, breaking of Cooper pairs can
lead to an increased kinetic inductance as well as addi-
tional losses in the resonator. The kinetic inductance shifts
the resonance frequency down, while the losses reduce Qi
and therefore reduce the coupling constant S.

To analyze this effect we measure the frequency spec-
trum of the resonator near the ICT as a function of power.
We plot f;, B, O, and Qe in Fig. 11. Additionally, we

(a) (b)

N :‘_‘l::‘k. 1.4 ."‘x

E 20709 £ ™ R 20007 e Oini

= 3 “u s 18001 * O

NG 21165 |- IcT s\ .o 1.2 153 (@] \\ ext

2 p ST H e 16007 *

5 — e W e s A

S 21160 T W[ 1.0 14001 >e3s

3 —-110 -100 -90 —-110 —-100 -90
Power (dBm) Power (dBm)

FIG. 11. Effect of increasing power (a) on f; (blue), ICT shifted
f: (green), B and (b) Oyt (blue), Qe (green). Note that when Qi
= Qexta ﬂ = 1
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also plot the f; shifted by the ICT, which displays a reduced
shift due to photon backaction. We find a decrease in f; by
0.56 MHz between —115 to —90 dBm of power, which
constitutes an inductance change of 16 + 3 pH assuming a
purely inductive change.

We also find a monotonic decrease in Q;,; with power,
affecting the impedance matching §. We find critical cou-
pling B =1 at a power of —91.5 dBm. Note that this is
significantly above the optimum read-out power found in
this work.

APPENDIX H: ALIASING EFFECT OF FINITE
SAMPLING ON CHARGE NOISE

When taking the Fourier transform of a sampled data
set, duplicates of the Fourier spectrum are created in fre-
quency space that are separated by the sample frequency f;.
In a nonideal situation this will create an overlap between
the true frequency spectrum and its duplicates, an effect
known as aliasing. This effect can be effectively avoided
if the frequency spectrum of the data has a frequency cut-
off, f., which is less than or equal to half the f;, known as
the Nyquist condition, i.e., f; < 2f;. Meeting the Nyquist
condition can be effected by increasing the sample rate or
using a low-pass filter.

In Fig. 4, we find an upwards bend in the charge-noise
data, in the range f > 10~! for the peak tracking and the
range /' > 10> for the voltage spectroscopy. We attribute
this to an artefact caused by the aliasing effect described
above. In principle this can be avoided by implement-
ing a low-pass filter before the data is sampled, however
depending on the frequency drop off of the filter there may
still be a finite contribution to the charge noise. The finite
noise contribution can be modeled by a duplication of the
charge-noise offset by a frequency equal to the sampling

frequency f;:
1 1
Sgé = S() a + W .
-

In the case of our voltage-spectroscopy measurement we
sampled at a frequency of 1 MHz, using a low-pass filter
of 100 kHz with 6 dB drop off per octave (implemented by
Stanford Research SR560 preamplifiers with variable low-
pass filter), fulfilling the Nyquist condition. Because of the
presence of this filter there is much less of an aliasing effect
in the voltage-spectroscopy spectrum (compared to that of
the peak tracking) but some amount remains above 100
kHz.

For the peak tracking, on the other hand, there is effec-
tively no analogue filtering in the relevant frequency range.
Peak positions are sampled at an f; of 10.4 Hz (given by
the speed of the voltage ramp of 83.33 Hz over eight aver-
ages) and the low-pass filter of the SR560 is set at 10 kHz.
Reducing the low-pass-filter frequency will interfere with

(HT)

the peak shape and therefore make accurate determination
of the peak location impossible. This makes it difficult to
remove any aliasing contribution for charge noise obtained
using the peak-tracking method by analogue methods. Dig-
ital averaging and peak fitting introduces some amount of
filtering above the averaging frequency and the ramp fre-
quency, respectively—however neither of these is able to
fulfill the Nyquist condition since they are always limited
to above the sampling frequency.
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