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Fast and sensitive readout of a semiconductor quantum dot using an in situ
microwave resonator with enhanced gate lever arm
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We report an experimental study of a Si/SiGe double quantum dot (DQD) directly coupled to a niobium
superconducting coplanar stripline microwave resonator. This hybrid architecture enables high-bandwidth
dispersive readout suitable for real-time feedback and error-correction protocols. Fast and sensitive
readout is achieved primarily by optimizing the DQD gate lever arm, guided by MaSQE quantum dot
simulations, which enhances the dispersive signal without requiring high-impedance resonators. We
demonstrate a signal-to-noise ratio of unity with an integration time of 34.54 ns, corresponding to a system
bandwidth of 14.48 MHz and a charge sensitivity of 1.86 x 10~* ¢/v/Hz. Analysis of the voltage power
spectral density (PSD) of the in-phase (/) and quadrature (Q) baseband signals characterizes the system’s
readout noise, with the PSD’s dependence on integration time providing insight into distinct physical

regimes.
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I. INTRODUCTION

Traditionally, readout in semiconductor quantum dot
(QD) devices has been performed using proximal charge
sensors, most notably quantum point contacts (QPCs) [1,2]
and single-electron transistors (SETs) [3,4]. These devices
are typically fabricated in very close proximity to the
quantum dot of interest [5—10], allowing them to act as
sensitive electrometers that detect small changes in the
charge configuration of the dot. Over the last three
decades, such charge sensors have enabled many of the
seminal demonstrations in the field of quantum dots,
including the observation of single-electron tunneling,
the initialization and manipulation of spin states, and
the development of spin qubits. Their sensitivity and
robustness made them indispensable tools in establishing
the viability of quantum dots as qubit platforms. However,
the requirements of quantum information processing, and
particularly quantum error correction, impose more strin-
gent demands on readout. In a scalable quantum processor,
qubit states must be measured both rapidly and with high
fidelity in order to detect and correct errors before they
propagate. The relevant timescales are set by the qubit
coherence properties: relaxation processes, characterized
by T; times, and dephasing processes, characterized by T,
and 77 times. If measurement requires a time comparable
to or longer than these coherence times, the measured
state may already have degraded, reducing the fidelity of
both state readout and subsequent feedback operations.
Unfortunately, conventional QPC and SET sensors are
intrinsically bandwidth-limited, with measurement rates
typically restricted to tens of kilohertz [11]. While this is
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sufficient for many physics experiments, it is too slow for
the demands of large-scale fault-tolerant quantum comput-
ing. We will note that Loss-DiVincenzo qubits in purified
silicon present extremely long coherence times on the
order of a second [12], yet with the need for multiple
measurements [13] and the likelihood for feedback pro-
tocols. The ability to achieve faster readout still presents a
paramount aspect to study, and for systems which are
strongly coupled and hybridized systems. Thus, new
approaches to readout are required if semiconductor
quantum dots are to form the basis of a scalable quantum
information platform. Radio-frequency (rf) reflectometry
has emerged as a powerful alternative for charge and spin
sensing in quantum dot systems. In this approach, the
impedance of the quantum device is probed using micro-
wave-frequency signals, allowing the extraction of state-
dependent properties with bandwidths several orders of
magnitude higher than conventional dc methods. By
embedding the device into a resonant matching network,
the reflection coefficient
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becomes sensitive to changes in the device impedance,
where Z,,q 1S the load impedance of the device and
Zo =50 Q is the characteristic impedance of the micro-
wave electronics. A practical challenge arises because
quantum dot devices typically exhibit resistances on the
order of the resistance quantum, R, = h/ e =258 kQ.In
the limit Z 4> Z;, I' > 1, and the reflected signal
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carries little information about the device state.
Overcoming this impedance mismatch is therefore central
to implementing rf reflectometry in quantum devices. A
widely adopted solution has been the use of an impedance-
matching tank circuit, typically formed by wirebonding an
inductor to the quantum device source contact and exploit-
ing the parasitic capacitance to ground [14,15]. The
resulting LC resonator translates the high device resistance
into an effective impedance that can be coupled efficiently
to a 50-Q transmission line. This technique led to the
development of rf-QPC and rf-SET devices, which enabled
real-time monitoring of charge tunneling and spin dynam-
ics with bandwidths approaching 10 MHz. Both dissipa-
tive and dispersive measurements have been demonstrated
in such architectures, providing a crucial step toward fast,
high-fidelity readout of semiconductor qubits [16,17].
Such rf-QPC and rf-SET readout mechanisms provide
sufficiently fast readout for scalable fault-tolerant quantum
computation built upon gated semiconductor quantum
dots, yet we would like to demonstrate a system that
provides even larger bandwidths.

Building on these advances, a natural next step is to
integrate high-quality factor microwave resonators directly
on chip and couple them capacitively to quantum dot gates
[11]. This hybrid approach offers two important advan-
tages. First, it removes the need for dedicated charge
sensors and their associated gate structures, simplifying
device architectures and improving scalability. Second, it
allows direct dispersive readout of the quantum dot states,
exploiting their quantum capacitance to shift the resonator
frequency in a state-dependent manner. This is analogous
to dispersive readout in circuit quantum electrodynamics
(cQED), where superconducting qubits are measured via
their interaction with microwave resonators. The coupling
strength in such hybrid dot-resonator systems depends
sensitively on the lever arm of the gate to which the
resonator is coupled. The gate lever arm, defined as

a, = lanell 7 (2)
e dV,
quantifies the efficiency with which a change in gate
voltage V, modifies the potential U, of the quantum dot.
When the resonator electrode and the plunger gate are one
and the same, the effective coupling parameter simplifies
to p = ay, rather than f = |a, — a,| in split-gate configu-
rations [18]. This direct coupling geometry provides the
strongest possible interaction between the dot and the
resonator field. Compared with impedance engineering,
where the coupling strength scales with the square root of
resonator impedance, lever-arm engineering offers a linear
pathway to stronger coupling. Optimizing lever arms is
therefore a central design goal. Since the lever arm is
primarily a geometrical property, it can be predicted and
refined using electrostatic simulations of the device

structure. In this work, we employ coupled Schrodinger-
Poisson simulations to capture both the electrostatics and
confinement potential of our Si/SiGe double quantum dot
architecture [ 19,20]. These simulations allow us to estimate
lever arms for different gate geometries prior to fabrication,
ensuring that the resonator-dot coupling is maximized
while retaining control of the device in the few-electron
regime. By aligning design choices with simulation results,
we establish a systematic approach to engineering disper-
sive readout performance. Once coupled, the double quan-
tum dot-resonator system is naturally described by the
Jaynes-Cummings Hamiltonian [21],

1 1
H = ho, <aTa + E) + Eha)daz + hge(a’o_ +o.a),
(3)

where o, is the resonator frequency, w, is the qubit
frequency of the double quantum dot, a and a are photon
annihilation and creation operators, and ¢ are Pauli oper-
ators describing the DQD pseudospin, and g.; = go %E
where g, is the vacuum Rabi splitting, 7. is the tunnel
coupling of the DQD, and AFE is the energy splitting of the
two-level quantum system. In the dispersive regime,
w, > o,, the dominant interaction manifests as a state-
dependent shift of the resonator frequency. This effect
can be understood in terms of the quantum capacitance of
the DQD,
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where E = \/e> + 412 is the eigenenergy of the DQD
within the charge basis, with detuning € and tunnel coupling
t. [11,22]. Changes in C, modulate the effective load
impedance of the resonator, producing measurable shifts in
the reflected signal. This dispersive signature forms the
basis of high-bandwidth charge and spin readout, including
the detection of Pauli spin blockade [23].

It is possible to connect this microscopic description to
experimental observables via input-output theory [24-29].
The reflection coefficient of the resonator-DQD system
can be expressed as

_ 160 + 5 (Kine — Kext) + Gette
ain 1560 + % (Kim + Kext) + geff}( 7
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where dw = 27(v — ;) is the detuning from resonance,
Kine and k., are the internal and external loss rates, and y is
the susceptibility of the DQD [26]. The total linewidth
K = Kint + Kex¢ determines the loaded quality factor Q; =
o /k and thus sets the fundamental limit on measurement
bandwidth and sensitivity. For this study, though, we will
not use this method of analysis, and will investigate such
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an input-output theory model in a future study where we
focus on the effects of tunneling events through the DQD
on the resonator. In this study, we are primarily focused on
the resonator’s ability as a readout scheme, and not the
connection of the strength between the resonator and the
DQD system.

In dispersive readout, the concept of system bandwidth
can refer to two physically distinct quantities. The firstis the
resonator linewidth, /27, which characterizes the rate at
which the cavity field relaxes to equilibrium following a
perturbation. This quantity sets the intrinsic response
time of the resonator-DQD hybrid system and therefore
represents a fundamental limit on the temporal resolution
of cavity-mediated measurements. In our device, we
measure a linewidth of x/2z ~2-3 MHz. The second
relevant bandwidth arises from the detection chain and is
determined by the finite integration time 7 employed in
processing the down-converted I/Q signals. Assuming
stationary Gaussian noise, the effective detection band-
width is By = (27min)'. From our signal-to-noise ratio
(SNR) analysis, we extract B =~ 14.48 MHz for an inte-
gration time of 7 = 34.54 ns. This value does not corre-
spond to the physical linewidth of the cavity but rather to the
measurement rate achievable given the amplification chain
noise and chosen acquisition parameters.

The charge sensitivity we report, approximately

2x 107 \/il—z, is thus associated with the detection-limited

bandwidth. In other words, the sensitivity quantifies the
smallest detectable charge displacement per v/Hz of detec-
tion bandwidth, independent of the slower «/2z limit
imposed by the resonator. The intrinsic linewidth constrains
how rapidly the cavity response can follow the DQD state,
while the effective bandwidth extracted from SNR analysis
reflects how quickly charge state changes can be discrimi-
nated with high fidelity. Both must be considered when
evaluating the performance of dispersive readout for feed-
back protocols and error-correction applications.

In this work, we experimentally characterize such a
hybrid resonator-DQD system in a Si/SiGe heterostruc-
ture. Guided by electrostatic simulations of the device
geometry, we optimize the gate lever arm to enhance the
dispersive signal. We then demonstrate high-bandwidth
readout by achieving a signal-to-noise ratio of unity at
nanosecond integration times, corresponding to charge
sensitivities well suited for real-time feedback and future
error-correction protocols. By analyzing noise spectra
extracted from the baseband in-phase and quadrature
signals, we further characterize the charge noise environ-
ment of the device, linking observed 1/ f noise behavior to
charge fluctuations within the double quantum dot.
Together, these results establish resonator-coupled quan-
tum dots with engineered lever arms as a scalable pathway
toward fast, high-fidelity qubit readout.

In this study, rather than modifying the resonator
impedance, we focus on maximizing the lever arm, ay,

through device design. To this end, we employ self-
consistent electrostatic simulations of the coupled
Schrodinger-Poisson equations in the Si/SiGe heterostruc-
ture to extract an estimated lever arm for a given gate
geometry. These simulations allow us to optimize gate
placement and confinement potential prior to fabrication,
thereby ensuring strong capacitive coupling between the
DQD charge states and the cavity electric field. Our
simulation results indicated this device design would have
about a two times larger lever arm than our typical
depletion mode devices, from approximately 0.1 to
approximately 0.2 [30].

A stronger couple between a QD system and a resonant
circuit has been primarily facilitated in the community
by increasing the resonant circuits impedance, Z,. By
employing either a geometrically defined high impedance
coplanar waveguide [31-34] or a high kinetic inductance
system such as superconducting quantum interference
device arrays [35,36]. These studies are primarily focusing
on achieving the strong coupling regime, which requires an
optimization of the vacuum Rabi splitting of the system,
which is directly related to the resonant circuit’s imped-
ance. This is as the coupling strength; the vacuum Rabi
splitting, is related by

90 a Z
50 _ = =0 6
2w 27\ 7n ©)

thus, a direct increase in the vacuum Rabi splitting is most
easily attained with an increased resonator impedance.
There is also a dependence on the gate lever arm, a, and we
will discuss our reasoning to choose this parameter to
maximize.

This study is focused on the dispersive regime, where
the DQD-cavity detuning satisfies A = |w, — @wg| > Gest-
In this limit, the Jaynes-Cummings Hamiltonian can be
expanded in powers of the small parameter g/A [25],
yielding an effective dispersive Hamiltonian of the form

2
g . o,
H:fl<(1)0—|—xdz> <a‘a+§>+hwa§. (7)

The central feature of Eq. (7) is that the cavity frequency
acquires a state-dependent shift, y = ¢*>/A, which effec-
tively imprints the DQD charge state onto the microwave
field. Measurement of the transmitted or reflected micro-
wave field then provides information about the DQD
without the need for direct current transport. This dis-
persive frequency shift is accompanied by a modification
of the cavity linewidth through the Purcell effect, leading
to both frequency pulling and linewidth broadening that
depend on the detuning and the charge hybridization of the
DQD. Dispersive readout thus constitutes a quantum
nondemolition measurement scheme: the DQD state mod-
ulates the resonator properties without inducing direct
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transitions between eigenstates, provided the measurement
drive remains sufficiently weak; %<< 1. This makes the
technique particularly appealing for spin-photon and
charge-photon coupling experiments, where preserving
coherence while extracting state information is critical
[31]. In the context of semiconductor DQDs, dispersive
readout offers several specific advantages. First, it avoids
the need for dc transport, enabling state readout even in
regimes where source-drain coupling is suppressed or
undesirable. Second, and most importantly for our study,
it allows for high-bandwidth measurements limited pri-
marily by the resonator linewidth [37], which in our
devices is on the order of 2-3 MHz. Finally, the non-
demolition character of the measurement makes dispersive
readout naturally compatible with future qubit encoding
schemes where repeated measurements and error correc-
tion will be essential [38].

Within the dispersive regime of cQED, in the case of a
resonant cavity coupled to a DQD, the goal would be to
maximize the sensitivity of the cavities’ response to
changes in the DQD state. This sensitivity would typically
be characterized by the charge susceptibility of the DQD
system, y = %. The gate lever arm, Eq. (2), quantifies how
strongly changes of the associated gate voltage affect the
energy levels in the QD system. Thus, a larger lever arm
directly enhances the charge susceptibility, which allows
for a greater control of modulating the resonator’s charac-
teristics based on the DQD state. That is by being able to
have a more significant effect on the qubit frequency, w,,
one can have a sharper response in the reflectometry

U — X _ pq % then

measurement. If one considers, 5~ = 22 950
g g

this effect becomes clear. The lever arm directly relates to
the variation of the charge susceptibility with respect to the
gate voltage applied to the device. Thus, here we focus on
enhancing the lever arm, a, leading to an enhancement of
the charge susceptibility, y, which in turn gives us an
increase in the sensitivity of the resonator’s response to the
DQD state [11].

Enhancing the resonator impedance, Z,, leads to an
enhancement of the electric dipole coupling directly
influencing the effective coupling strength, g., in the
Jaynes-Cummings Hamiltonian, Eq. (3). In our study,
though, maximizing a, not only increases the resonator
response to charge fluctuations but also enhances sensi-
tivity to low-frequency noise sources intrinsic to the DQD
as well. Thus, by optimizing the lever arm, the same
measurement chain that provides high-bandwidth disper-
sive readout also enables quantitative characterization of
charge noise through voltage PSD analysis of the I/Q
signals.

Dispersive readout represents a quantum nondemolition
measurement scheme and is thus very appealing for
scalable architectures [25]. Within this regime, the goal
is to maximize the sensitivity of the cavity response to
changes in the DQD state. This sensitivity is characterized

by the charge susceptibility of the DQD system, y = %.
The gate lever arm, Eq. (2), quantifies how strongly
changes in the applied gate voltage affect the QD energy
levels. A larger lever arm directly enhances the charge
susceptibility, thereby increasing the ability of the DQD to
modulate the resonator properties. This effect can be

expressed as

dy Oy Ode dy )
——=——=ca,=.
oV, 0edV, 7 0e

Thus, a larger lever arm, ag, allows for sharper reflec-
tometry signatures through stronger modulation of the
effective qubit frequency, w,. In contrast to approaches
based on enhancing the resonator impedance, Z,, here we
optimize the lever arm, «,, through device design.
Specifically, we employ self-consistent electrostatic sim-
ulations of the coupled Schrédinger-Poisson equations in
the Si/SiGe heterostructure to extract the lever arm for
candidate gate geometries. These simulations allow us to
preselect designs with maximized capacitive coupling
between the DQD charge states and the cavity electric
field, ensuring strong dispersive signatures in experiment.
It further allows for the important aspect of the potential
landscape to provide a quantum dot system to form. That
is, we can visualize the charge confinement via the result
of the charge density of the simulation’s result.

After we can get a good confirmation of charge
confinement with our device geometry, we are interested
in finding the lever arm of the gates. The lever arm of the
gates tells one how the potential landscape of the quantum
well changes in response to changes in the voltage of the
gates, thus ultimately affecting the chemical potential in
the system. The lever arm is a conversion factor from the

well’s potential to the gate’s voltage [7]. This is defined as
— 10Uy
ag, = % aVG,.“

electrochemical potential of the well, V. is the voltage
associated with the gate, G;, where i indexes the total
number of gates. The lever arm is important for this
particular type of device design which is coupling a
resonator to the DQD. That is because the coupling
strength, g, between the photon and the energy levels of
the QD is directly proportional to the lever arm, Eq. (6);
gx a [11,18]. Furthermore, the signal-to-noise ratio
of such a system scales as the cube of the lever arm;
SNR « a? [18]. From these considerations, it is quite clear
we would want to maximize the lever arm as much as
possible for our design.

If we consider the definition of the lever arm, then we
see that it implies for the physical system that the area of
the gate should be large. That is since the size of the gate
directly relates to its affect of the potential landscape. It
has been seen that the size of the dot directly relates to the
number of charge carriers it traps and further affects

, Where e is the elementary charge, U, is the

024040-4



FAST AND SENSITIVE READOUT OF A SEMICONDUCTOR ...

PHYS. REV. APPLIED 26, 024040 (2026)

energy level spacings [7,39]. But we can only make these
gates so large before not being able to confine only a few
electrons. The effective mass also plays a role in this, as
smaller effective masses allow for less stringent nano-
fabrication [10]. For certain systems, this is easier, say, in
GaAs systems, since the effective mass for electrons is so
low, one can form very large gates to confine a few
electrons without much issues as compared with Si
systems. Within our group, GaAs QDs were formed with
length scales of a few-several 100 nm [40-42], whereas for
Si systems the length scales have been approximately
100 nm [43-48]. So one needs to consider the effective
mass of the charge carriers in order to determine dot sizes.
It has also recently been seen that SiGe/Ge, where the QW
is Ge, allows for larger dots as well due to the very low
effective mass of the charge carriers exploited in such
heterostructures [49,50]. In a recent study from our group,
devices were fabricated in Ge QW heterostructures, where
the length scale was approximately 150 nm [30]. But in an
Si system we have a much larger effective mass for the
electron and the confinement area must be smaller. Here
we will discuss our efforts to maximize the lever arm for
our design while maintaining good confinement and a
potential landscape which allows good manipulation of the
system for the experiments we desire to carry out.

In order to find the lever arm for one gate, we would
need to first have a reference simulation. That is, we
choose potentials of the gates which lead to a seemingly
good state for well defined quantum dots. For a DQD, we
take this as a configuration where there is approximately 1
electron in each dot, this is our reference point. Now we
select one of the gates and vary its potential by a small
amount, 5 meV. We need this to be a small quantity in
comparison to the total potential of the gate as we are
approximating a differential with a finite difference. This
gives us a second simulation with an altered potential
landscape due to the change in potential of one of
the gates; a comparison simulation. The difference in the
potential of the reference simulation to that of the com-
parison simulation gives us an approximation of the change
in the potential of the well, that is dU,;. This quantity
divided by the energy change in the gate, that is 0V, gives
us the lever arm associated with that gate. Since both these
quantities are given to us in units of eV, we can ignore the
factor of elementary charge, e, in the definition of the lever
arm. Since there will be multiple gates for any such system,
there will be a lever arm for each gate. Thus, for a system
with M gates, we must have M + 1 total complete simu-
lations to attain the M lever arms.

It is important to distinguish between two relevant
bandwidths in this context. The resonator linewidth
k/2m ~2-3 MHz sets the intrinsic response rate of the
cavity-DQD system. However, the effective detection
bandwidth, extracted from SNR analysis, reflects the rate
at which state discrimination can be performed for a given

integration time 7. In our measurements, we observe an
effective bandwidth of 14.48 MHz for 7 = 34.54 ns, which
exceeds the bare linewidth. Finally, we note that maxi-
mizing @, also increases sensitivity to charge fluctuations,
enabling characterization of low-frequency noise. The
same high-bandwidth dispersive measurement chain used
for state readout can therefore be applied to extract the
charge noise spectrum via power spectral density analysis
of the I and Q quadratures, providing insight into the
microscopic noise processes in Si/SiGe DQDs.

In our system, the effective coupling between the cavity
and the DQD does not arise directly from the bare dipole
interaction, but rather through the gate electrode that
mediates the resonator field onto the DQD detuning axis.
The bare dipole coupling to an electric field mode of the
resonator can be written as

E

_ e ;lpfd ’ (9)
where E, ¢ is the zero-point electric field fluctuations of
the resonator and d is the effective dipole length of the
DQD charge transition. However, the resonator is capac-
itively coupled to a gate electrode, so that its voltage
fluctuations do not directly act on the orbital wavefunc-
tions but instead shift the detuning e through the gate lever
arm q,. Specifically, a gate voltage shift 6V, modifies the
detuning according to:

be = a,bV,,. (10)

For the quantum fluctuations of the cavity field, the
relevant scale is the resonator zero-point voltage fluctua-
tions V., such that:

08 = ayV . 11

This results in an effective DQD-cavity interaction
strength

e,V ims
= . 12
Jef 7 (12)

Thus the coupling strength is set not only by the bare
resonator vacuum fluctuations but also by the electrostatic
conversion factor between gate voltage and dot detuning,
i.e., the lever arm. This gate-dependent renormalization
explains why the experimentally relevant coupling is best
described as

Geft = AyY0, (13)

where ¢, denotes the bare resonator coupling to the gate
voltage and @, quantifies the geometric efficiency of
converting this voltage into detuning. Consequently,
the dispersive shift y = ggff/ A depends sensitively on
the device geometry through a,. This highlights the
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importance of optimizing the capacitive coupling between
the resonator field and the DQD plunger gate: a larger lever
arm directly enhances the dispersive shift, thereby improv-
ing the measurement signal-to-noise ratio without requir-
ing stronger drive powers that could induce backaction.
Moreover, because the lever arm is determined by the
device layout and material stack (oxide thickness, gate
pitch, and screening from neighboring electrodes), our
fabrication choices directly impact the achievable readout
fidelity. For example, the thin (< 5 nm) Al,O5 oxide layer
deposited in the active DQD region not only minimizes
unwanted fringe fields but also enhances «,, allowing the
plunger gates to more efficiently modulate the DQD
detuning. Thus, the dispersive readout characteristics
observed in our experiments can be directly traced to both
the effective Hamiltonian of Eq. (7) and the specific device
engineering steps described in Sec. III B.

II. EXPERIMENTAL SETUP
AND DEVICE UNDER TEST

Our experiments are conducted in an Oxford
Instruments Triton dilution fridge with a mixing chamber
at 60 mK. A combination of rigid and semirigid high-
frequency lines is used to send microwave/rf signals to the
device and amplify the reflected signal from the device.
We power the device and the IQ mixer with the same
microwave signal, thus we must attenuate the signal before
it reaches our device under test, as the 1Q mixer requires
10 dBm to operate. We use attenuators at various stages
to avoid a large thermal load in our dilution fridge as
attenuators are lossy forms of power dissipators. The
higher values of attenuation are used at higher temper-
atures to avoid the thermal noise associated with them.
An illustration of our setup can be seen in Fig. 1.

The device we use was fabricated on a Si/SiGe sample
provided to us by Hughes Research Laboratories. The
heterostructure was grown on a Si substrate of approx-
imately 500 pm, with a Sij ;Ge, 3 buffer layer of 225 nm, a
strained Si QW of 5 nm, and a Sij;Ge 3 cap of 50 nm. The
gate geometry is of the overlapping design with two layers;
this was done primarily to make a more cost effective
fabrication procedure for overlapping gate devices. There
is a caveat to doing only two layers as the barrier gates in
this design must act not only to provide a barrier height for
the potential islands for the QDs, but it must also act as a
screening channel. This has proved some challenge in fine
tuning the DQD device. A scanning electron microscope
(SEM) image of the device can be seen in Fig. 2.
A schematical view of the heterostructure stack and the
gate geometry is illustrated in Fig. 3

III. RESULTS

We characterize a superconducting coplanar strip-line
(CPS) niobium resonator, which is directly connected to

Quantum Machines (OPX)
DAC ADC

8

Microwave
Source

o
4K +30dB
1K

DiltionFridge —— L—— |
60 mK

FIG. 1. Illustration of the experimental setup. Experiments

were conducted in an Oxford Instruments Triton dilution fridge
with a base temperature of 60 mK. The microwave generator
signal is split to device and IQ mixer. Cold stage attenuation is
used to avoid thermal noise, which could lead to qubit dephasing
and thermal broadening. The single port system is made into a
two port measurement setup by using a circulator to send the
input microwave signal to the device and the output reflected
signal can be amplified and compared with the input; isolating
reflections. We measure the real (I) and imaginary (Q) part of the
reflection coefficient, S;; and apply dc offsets to the plunger
gates using a quantum machines OPX. A 4 K stage low noise
amplifier, by low noise factory is used to amplify the signal from
the devices, this is critical to attain a signal. The labels on the
enlarged view of the device correspond to L for left, R for right, P
for plunger, T for tunnel, and B for barrier.

the plunger gates of a double quantum dot system in a
Si/SiGe heterostructure. The characterization involves the
evaluation of the resonator’s key parameters, the coupling
of the resonator to the double quantum dot system, the
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FIG. 2. SEM of device used for the experiments. The design is
an accumulation mode device with overlapping gates. Inset
figure shows a false color of the device to illustrate the two
layer overlapping gate design, where the red false color is
patterned and deposited first, and the blue false color is patterned
and deposited afterward.

charge noise and charge sensitivity associated with using
the resonator as a sensor, as well as the signal-to-noise
ratio of the system and its minimum integration time. We
do this in the dispersive regime of the system, where the
two-dimensional electron gas (2DEG) passing through the
DQD channel acts as a capacitive loading of the resonator.

A. Device design

The resonator and DQD are patterned on a Si/SiGe
heterostructure. The device is an overlapping gate geom-
etry structure operating in accumulation mode. Two layers
define the gates and this was done to have a cost effective
design to more easily fabricate than the traditional three-
layer overlapping gate designs. Furthermore, the gate
layout was specified with as few gates as possible for
ease of control and to have as few dc lines as possible. The
two plunger gates for the DQD connect directly to the two
conducting strips of Nb that form the CPS resonator.

B. Device fabrication

The device was fabricated on a Si/SiGe heterostructure
consisting of a 5 nm strained Si quantum well (QW) grown
atop a 225 nm Siy;Geg 3 buffer and capped by 50 nm of
Sip7Geg;. To prevent parasitic loading of the coplanar
stripline (CPS) resonator by a two-dimensional electron
gas (2DEG), we etched down just below the QW in regions
where the resonator and bond pads were defined. This
etching was performed in a reactive ion etcher. Ohmic
contacts were formed by phosphorus ion implantation into
lithographically defined windows, followed by rapid

thermal annealing at 750°C for 30 s to repair lattice
damage. After removing the resist, 50 nm of Al was
deposited by e-beam evaporation onto the Ohmic win-
dows, following a 15 s buffered oxide etch to remove the
native SiO,. A forming gas anneal at 420 °C for approx-
imately 30 min promoted dopant activation and diffusion.
Device borders and the base plate of the CPS termination
capacitor were then defined in a second metallization step.
The wafer was subsequently coated with a 20 nm layer of
Al,O; grown by atomic layer deposition (ALD). This
dielectric was selectively etched in the DQD active region,
where a thinner (< 5 nm) ALD Al,O; layer was regrown
to suppress fringing fields from the gates. Fine gate
electrodes were patterned in two electron-beam lithogra-
phy steps. The first layer consisted of 50 nm of Al; after
patterning, the sample was exposed to an oxygen plasma
for 30 min in a plasma asher to improve adhesion and
native oxide quality. The second gate layer was metallized
with 65/5 nm of Al/Pt. The Pt capping layer prevents
oxidation and ensures electrical continuity with the sub-
sequently deposited CPS resonator. Finally, the CPS
resonator was patterned by photolithography and sputtered
with 100 nm of Nb, overlapping the Al/Pt plunger gate
leads to complete the device.

C. Resonator

The resonator is a j—}CPS comprised of two conducting
strips. The two lines are each 10 pm with a gap separation
of 8 pm. A node is created by a termination capacitor,
Cr ~ 100 pF, fabricated on chip, which is a short for
microwave frequencies, but open to dc, which is where the
plunger gates receive their dc bias from. The antinode is
located at the center of the plunger gates with a total length
of lcps = 4.63 mm. This design is not common in the
community, but we have had collaborations with another
group using a very similar design [51]. It is patterned with
Nb, which is superconducting in our experimental setup.
From a purely geometric consideration of the resonator, we
can assign an effective dielectric constant of e, = 6.35, a
resonator line impedance of R, = 89.8 Q, an inductance
per unit length of L; = 0.754 pH/m, and a capacitance per
unit length of C; = 93.7 pF/m, resulting in a lowest order
mode resonant frequency of v, = 1 = 6.42 GHz.

4ZCPS\/LE

We experimentally extract the in-phase, I, and quad-
rature, Q, signals from an IQ-mixer. The 1Q-mixer is our
reflectometry circuit as the in-phase signal corresponds to
the real part of the reflection coefficient and the quadrature
corresponds to the imaginary part; [ ~Re(S;),
Q ~1Im (S;;). We are measuring a baseband 7Q signal,
extracting the components directly from a single IQ-mixer
that is down-converting the resonator output to dc up to a
few MHz. The signal from the IQ-mixer is fed into the
analog inputs of an FPGA controller made by quantum
machines to be measured. This instrument allows for fast

024040-7



TIM J. WILSON and HONG-WEN JIANG

PHYS. REV. APPLIED 26, 024040 (2026)

Aluminum oxide between layers

Ohmic Contact
Source

Barrier Gate

2DEG

Source

B s

Al,O5 step terrace;
gate/field oxides

Ohmic Contact
Drain

7

Barrier Gate

\

Gate
Si Cap m ALD Grown Aluminum Oxide layer (5 nm/25 nm) m
(~2 nm) 1 5.
Si Quantum g e /
Well (Snm) —— ) GED aE»
Phosphorus Doped / ‘ \ Phosphorus Doped
Region 2DEG 2DEG Region
Source Quantism Doty Drain
Channel Channel

FIG. 3.

dc biases to be applied with 16 ns pulse lengths and
similarly can record an ADC signal with a minimal
integration time of 16 ns.

The measured resonant frequency is v, = 5.9665 GHz
and we find a loaded quality factor of Q; = 3000 when the
QD system is not tuned, and no 2DEG is accumulated near
the resonator from the gates. When the system has a 2DEG
accumulated by gates near the resonator, we find the
quality factor to vary from 1000-2000. The likely reason
for such a low quality factor with an Nb superconducting
resonator seems to stem from an unintentional accumu-
lation of a 2DEG under the portion of the CPS that still has
the QW underneath it. Though this loaded quality factor
could hinder long distance coupling experiments [18,52],
this device architecture would still present itself well for
long range photon mediated qubit-qubit coupling if strong
coupling could be demonstrated. Our focus is in fast
readout and this lowered quality factor comes into our
benefit as the system bandwidth is inversely proportional
to the quality factor of the system.

We characterize the resonator coupling to the 2DEG by
looking for a dispersion shift in our resonator signal when
there is considerably tunneling events through the DQD
channel. These tunneling events through the DQD corre-
spond to a capacitive loading which pulls the resonator
frequency shifting it downward.

We observe a dispersive shift of the resonant frequency
due to loading of the resonator from the 2DEG density
passing through the QD channel. We can force a strong
dispersive shift of the resonator by operating the DQD
device as a MOSFET channel where there is a steady
current flowing through the DQD channel. The amount of
current flowing through the channel gives a controllable
modulation of the quality factor of the system. This can be
seen in Fig. 4, where the resonant frequency is shifted and
quality factor modulated as a function of each plunger
gate’s voltage. We fit this data in two ways, one by a
mathematical model and the other by a physical model.

Cross-section along
this line

Schematic of the heterostructure and device design.

The mathematical model is by fitting the resonance curve
measured to a pseudo-Voigt function, which is a con-
volution of a Gaussian function, G(v), and a Lorentzian
function L(v):

M@) = (1-f)G{) + fL(v), (14)
where f is the character fraction detailing a percentage of
the curve being Gaussian or Lorentzian; when it is unity,
the fit is purely Lorentzian; when it is zero, the fit is purely
Gaussian. We further use a smooth sigmoid logistic
function in place of the full width at half maximum, y,
to account for asymmetry of the curve. This fit, though not
derived by the physical nature of the system, gives us
physically significant quantities for the resonant fre-
quency, vy, and the loaded quality factor, Q; = ”70 We

then separately fit the phase to:

@(v) = Aarctan2Q,(v —vy)| + Bu+ C,  (15)
where A, B, and C are arbitrary free parameters in order to
fit the measured data and a linear frequency term is
incorporated to account for drift in the phase. These
two fits independently give us the resonant frequency
and quality factor of the loaded system; the agreement of
these two fits can be seen in Fig. 4.

For our system, we are operating around —100 to
—110 dBm, corresponding roughly to 10> — 103 photons

in the system given the relation (n) = %ﬂﬁ
w7

D. Lever arms

The lever arm relates the voltage applied to a gate
electrode to its effect on the electrochemical potential seen
by the QD [7]. A matrix form of the lever arm follows from
the definition:

-

i = eaV, (16)
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(a) Measured reflection coefficient magnitude and phase as a function of the left plunger gate voltage as well as mathematical

fits described by Eqgs. (14) and (15). (b) Same as panel (a) but as a function of the right plunger gate voltage. (c) Loaded quality factor
and resonant frequency based on fits for left plunger gate value sweep. (d) Loaded quality factor and resonant frequency based on fits

for right plunger gate value sweep.

where i is the column vector of the electrochemical
potential of the DQD, e is the elementary charge, a is

the lever arm matrix, and V is the vector of gate voltages
applied to each gate electrode considered. The matrix
elements of the lever arm are as follows and give the
oy,
= %()V:;’
of dots {d} and j indexing a set of gates {g}. Thus, the
lever arm matrix can be nonsquare and has dimensions
n x m, for ne{d}, and m € {g}.
From our simulation results,we find that the estimated
lever arm matrix, defined in the basis of the left dot, right
dot, and {LP,RP,LB,RB, TB} gates:

dimensions of the matrix: a; for i indexing a set

0216 0.013 0.251 0.032 0.026
0.013 0.216 0.032 0.251 0.026

< ) o

We considered the effects of all gates, besides the
accumulation gates, to verify if potentially another gate
being directly connected would have given better results.
But as we have pointed out in Sec. I, this would require a
differential lever arm, and thus it is clear that this would
signify that the plunger gates are the optimal choice for
connecting to resonator directly. These results indicate that
if we use the plunger gates to directly couple to the lever
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FIG. 5. Experimentally obtained stability diagram when the
device was tuned into a DQD. The slopes of the charging lines
relate to the lever arm matrix elements as can be seen in
Appendix D. We find that the plunger gates have an effect of
27% and the cross capacitance is 5%; this was in good agreement
with the simulation results. The normalized reflection coefficient
is plotted.

arm of 21.6%, we could expect a vacuum Rabi splitting
of 5~ ~ 68 MHz.

The experimental results produced the following lever
arm values:
0.270 0.051
- (0.049 0.269)' (18)

Experimentally, we only verified the plunger gate
contribution to the electrochemical potential and neglected
the other gates. We estimated these lever arms by geo-
metric considerations of the stability diagram when the
device was tuned as a DQD [30,53,54]. An example of the
stability diagram used to estimate these lever arms exper-
imentally can be seen in Fig. 5; the magnitude of the

reflection coefficient is normalized such that |S;;
[S11[=Min(|Sy,])
Max([Sy;|)—Min([S),[)’

seen in Appendix D. This would signify a vacuum Rabi
splitting of ;- ~ 83 MHz.

We note that the difference of around 33% seen between
the simulation and the experimental results is very likely
due to the Al,O5 gate oxide. This is as the atomic layer
deposition method of building the alumina is not always

|Norm
The details of this calculation can be

very well controlled or consistent, so we have seen the
oxide thickness varying from 70% to 90% of what we
expect based on the cycles. Measurements of this gate
oxide thickness indicate it is roughly 3.5 nm, which
signifies the larger experimentally observed lever arm
values. Furthermore, to corroborate this difference, sim-
ulations were done with no gate oxide and produced results
that had larger lever arms than what we experimentally
measured. Thus, we have a strong indication that this
discrepancy arises, quite likely, due to the oxide thickness
and not a fault of the simulation method.

E. Lever arm engineering

We demonstrate how key geometric parameters affect
the gate lever arm and the cross capacitive coupling by
changing the SiGe cap thickness, the gate oxide thickness,
and the total area of the gates, and run such simulations in
MaSQE. This is what we present as a method of lever arm
engineering based on electrostatic simulation results. The
simplest illustration of the expected change for the lever
arm values comes from considering the metallic gates to
form one plate of a parallel plate capacitor and the 2DEG
at the QW interface to the SiGe cap as the other plate; the
heterostructure and any oxide between the heterostructure
and the gates represent the dielectric material of permit-
tivity e of the capacitor: C = %. Under this picture, the
closer the plates are to each other, smaller d, for a given
dielectric separating them, the larger the capacitance.
Similarly, the larger the area A, the larger the capacitance.
Thus, as a simple illustration, a thinner SiGe cap should
present an increase in the lever arm and a thinner gate
oxide will do so similarly. We list the lever arm matrix for
the case of varying the SiGe cap in Table I, where the first
entry is the final design we implemented in fabrication as it
was the cap thickness we had available to us. We see that a
thinner SiGe cap has a dramatic increase in the lever arm of
the plunger gates; we also see a possible decrease in the
cross coupling. This could be considered as the fringe field
effects of one gate to another are mitigated as the distance
of the gate electrodes to the QW allows for less fringe field
lines to interact with the QW not directly underneath it.

In Table II, we vary the gate oxide from the planned
fabrication of 5 nm down to having no gate oxide. We see a
slight increase in the plunger gate lever arm, yet not as
drastic as the SiGe cap, primarily as this thickness differ-
ence is much smaller. We had planned to use this gate

TABLEI. Comparison of lever arm matrix as a function of the
SiGe spacer cap thickness. Here the gate oxide is fixed to 5 nm
for all simulations.

SiGe cap 50 nm

0.216 0.013 0.346 0.013 0.437 0.011
0.013 0.216 0.014 0.347 0.011 0.437

SiGe cap 30 nm SiGe cap 20 nm
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TABLEII. Comparison of lever arm matrix as a function of the
gate oxide thickness. Here the SiGe cap is fixed to 50 nm for all
simulations.

A12035 nm A120325 nm A12030 nm

0.216 0.013 0.237 0.014 0.239  0.009
0.013 0.216 0.014 0.238 0.009 0.239

TABLE III. Comparison of lever arm matrix as a function of
the gate width, where djnger is the diameter of the plunger gate.
Here the SiGe cap is fixed to 50 nm, and the gate oxide is fixed to
5 nm for all simulations.

dpiunger = 100 nm dpunger = 50 nm

0.216 0.013 0.069 0.006
0.013 0.216 0.006 0.071

oxide to ensure we would not have leaky gates and with the
simulations suggesting not a drastic decrease in our key
parameter we wanted to optimize, we considered this a
reasonable tradeoff to have high yield.

One primary consideration to get a larger gate lever arm
is simply to make the gate area as large as possible while
still being able to confine a discrete number of charge
carriers. This is where the MaSQE simulations allowed us
to have a good sense of both the confinement of our
designs and if we could optimize the lever arm. Table III

/Q Blobs with Centroids and Separation Axis: SNR = 189.2

shows the decided gate geometry, where the plunger gates
have a diameter of dppeer = 100 nm, which gave us an
increase of at least twice what our group’s previous devices
lever arms were, and could still confine discrete single
electrons within simulation. This further demonstrates
against another simulation where the entire device geom-
etry is scaled to have half the total area, such that the
diameter of the plunger gate is nOW dpjypger = 50 nm. With
just half of the total area, we see a dramatic decrease in the
lever arm.

This illustrates the utility of lever arm engineering to
achieve either a maximized or even minimized lever arm if
so desired. This also demonstrates that cross coupling
terms, though more complicated to engineer and control,
can still be affected somewhat easily by material and
fabrication choices.

F. Signal-to-noise ratio

We use a geometric mean to quantify our system’s SNR.
This is done by taking a statistically large collection of data
points on an interdot charge transition line, and similarly
taking a large collection of data points off an interdot
charge transition line in a stable point in the charge
stability diagram. These two datasets give us an on and
off states that can be used to quantify the signal to the
background and estimate a SNR of the system. We do this
by a method referred to as IQ blobs, where the signal from
the 1Q-mixer is plotted in the /Q-plane from the on and
off states. This gives us two-dimensional distributions.

Histogram of Projections

m Off i
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6000 - |

2 |
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o
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FIG. 6. Left panel demonstrates IQ blobs which visually show the centroid and the separation axis to show how one can attain a
geometric SNR estimate based on this. The right panel shows the projection of the distributions onto the separation axis, giving a
histogram of the distributions in one dimension. The separation axis is no longer a voltage space measure, but acts as a distance measure
for all data points projected and collapsed onto the centroid joining the two distributions. This allows for a measure to be used

in Eq. (19).
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FIG. 7. Signal-to-noise ratio estimates for both the Mahalanobis distance (left panel), Eq. (20), and for the standard univariate
distance (right panel), Eq. (19). We find a minimum integration time of 34.54 ns, which corresponds to a unity SNR response.

How well these two distributions can be identified gives a
geometric quantification of the system’s SNR. We do this
by collecting data for 10° samples at various integration
times 7. An example of one set of IQ blobs can be seen in
Fig. 6 and the full dataset can be seen in Figs. 11 and 12.

If one considers a univariate distribution for the on and
off states, then one can quantify the SNR by

(Ion - Ioff)2 + (Qon - Qoff)2
%(Gon + Goff)z

SNR = . (19)

where I, Q, o are the in-phase and quadrature signals
when measured in the on and off states, respectively, and
Oonoft are the standard deviations of the univariate dis-
tributions of the on and off states, respectively [55]. There
is a caveat to this univariate consideration though, and this
is as with longer integration times, 7, the effects of low-
frequency charge noise come into effect and smear out the
distributions. This is particularly true of the on state, which
shows much less of a univariate distribution behavior for
longer integration times. One can make a more sophisti-
cated analysis by considering a multivariate distance to
quantify the system’s SNR. This is by considering the
Mahalanobis distance:

SNR = dyy = \/ (on — fiost) = (ion — fiot).~ (20)

where /i, o is the separation axis vector for the on and off
states, respectively, and X is the covariance matrix aver-
aged over the covariance matrix of the on and off states.
This multivariate distance consideration improves the
analysis by considering how smeared out by charge noise
the distributions may become for longer integration times.
We present both methods and we see a slight improvement
in the system’s SNR estimate using the multivariate
distance. We further analyze the noise regimes present
in this plot by also fitting the data to a piecewise function:

|

al

( >Cl

" T < Tl

()" ()
Tkl Tkl

()" ()
Tkl Tk2

where A is a normalization factor, 7, is the end of the short
integration time scale, 7;, is the end of the intermediate
integration timescale, both ensuring continuity of the
piecewise fit, and {;,3 characterize the type of noise
behavior. The result can be seen in Fig. 7.

We find a minimum integration time 7,;, = 34.54 ns,
which is attained by interpolation of the data acquired
with the IQ blobs measurement scheme. From this,
we can estimate the system’s charge sensitivity as

8q = \/Tome = 1.86 x 1074 =
We can make a further extension of the system’s SNR to
an electrical infidelity as given in Ref. [55], which follows

the form:
1 SNR
Ip=1—Fg==|1—erf{—=|]|.
¢ . 2{ (zfzﬂ

where Fp is the electrical fidelity and erf is the error
function. This electrical infidelity is associated with errors
of the resonator readout scheme and does not include an
analysis of possible qubit errors, which would need an
additional consideration [55]. The electrical infidelity can
be seen in Fig. 8; many of the values will plummet to zero
as the error function tends to unity value for larger
arguments.

The scaling of the SNR with integration time provides
direct insight into the relevant noise processes of the
resonator-based DQD readout. At short integration times
(tie S 1077 s), the SNR increases rapidly, reflecting
the dominance of uncorrelated amplifier noise consistent
with white noise behavior. In the intermediate regime
(1077 s <7y £ 1077 s), the SNR follows the expected

SNR(T) = Tkl <7< Tk » (21)

> > >

T2 T

(22)
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FIG. 8. The electrical infidelity of the system as given by
Eq. (22). The results tend to zero for larger SNR values as the
error function becomes close to unit value for large arguments.
An electrical infidelity of 107® can be attained approxi-
mately 3 x 1077 s.

SNR « riln/tz scaling, confirming that the readout is limited
by Gaussian amplifier fluctuations. For longer integration
times (z;, = 107> s), the SNR saturates, indicating the
onset of low-frequency noise processes such as charge
noise in the double quantum dot (DQD), resonator drift,
or other 1/f-like contributions that prevent further
improvement with averaging. Comparison between the
Mahalanobis distance and projection onto the signal
quadrature shows that axis projection mitigates correlated
noise contributions, leading to a modest improvement in
the asymptotic SNR. Overall, these features delineate a

In-Phase Charge Noise

transition from amplifier-limited sensitivity at short times
to a low-frequency noise floor at long times, consistent
with the expected behavior of semiconductor charge-
sensing platforms.

G. Charge noise

The charge noise and charge sensitivity associated with
such a system, and their comparison to the traditional QPC
and SET charge sensors, are of interest. One can extract
low-frequency charge noise from a spectral analyzer [46]
or by taking time traces of the resonator’s readout and
performing the spectral density transformation on the
dataset [27,55]. We demonstrate both methods to attain
a voltage power spectral density (PSD), which can be
converted into a charge noise associated with our resonator
measurement setup. This allows us to estimate the low-
frequency charge noise and attain a charge sensitivity
estimate at 1 Hz from both methods. We further extend this
to higher frequencies using the FPGA controller. The
quantum machine’s FPGA instrument allows for fast
control and readout to take advantage of our system’s
high bandwidth.

In a similar method to how we do peak tracking for our
SNR estimates, we can track the /Q mixer signal on
different points in detuning of an interdot charge transition
line. If we consider the in-phase signal, we may write:

o — o1y _ 1 o1
de — 9V, Oe a, oV,’
would be no tunneling events in our dot, this corresponds
to a peak on an interdot charging line. When this quantity
is at an extremum, then there are significant tunneling
events between the left and right dots. These two points
give a reference point of no tunneling events and many
tunneling events, respectively. Thus, if one measures the
signal of both the in-phase and quadrature signals at these
three points, one can attain an estimate of the charge noise
associated with the DQD system [11,38,55].

then when this quantity is zero, there

Quadrature Charge Noise
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FIG.9. Charge noise estimate using Welch’s method as discussed in the main text. We do this by a fast readout scheme so the estimate
at 1 Hz does not present a robust estimate by itself. A longer integration time would be needed in order to properly quantify the low

charge noise estimate.
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So we acquire such a dataset, two with a considerably
large amount of tunnel events in our DQD system; the
extrema points. Additionally, another set with no tunneling
events, where the derivative of the signal with respect to
detuning is zero; a stable point in the stability diagram.
Tracking the signals at these points and then converting the
time domain signal into a PSD gives a noise spectrum, S;;
and Sy, corresponding to the I and Q signals, respec-
tively. We attain a PSD of the signal by means of Welch’s
method [56]. The results can be seen in Fig. 9.

By taking the difference of the reference signal to the
extrema points signals, we attain an estimate for the charge
noise associated with the DQD. The conversion from the
noise spectrum PSD to the charge noise is given as

Si Soo
SEE = @ and S[;'s = @ . (23)
Oe Oe

We find a j% behavior up to about 10 kHz with this
method. Fitting to such a % model, which saturates at the
white noise level which is primarily limited from our
amplification system. We find a slope of 0.75 and 0.68 for
the in-phase and quadrature signals, respectively. We can

further make a charge noise estimate at 1 Hz from these fits

and find that: /S,.(1 Hz) = 0.42 % and \/S,.(1 Hz) =
0.41 tl/ele from the fits for the in-phase and quadrature

signals, respectively.

IV. DISCUSSION

Our results demonstrate that engineering the gate lever
arm provides a robust and complementary pathway to
enhancing dispersive readout in semiconductor dot-cavity
systems. While prior work has emphasized impedance
engineering—using high-kinetic-inductance elements or
high-impedance transmission lines to boost the bare
coupling g, [31-34]—we show that optimizing the lever
arm a, scales the effective coupling as g.;r = a,go. This
strategy requires no exotic resonator geometries or mate-
rials and connects device design directly to measurable
dispersive shifts.

We note that increasing the effective coupling g.¢; =
a,9o through lever-arm engineering can enhance not only
readout signals but also photon mediated interactions. Our
approach offers a complementary pathway to impedance
engineering, potentially enabling strong coupling without
the need for high-impedance resonators. This may support
long-range spin-spin coupling via microwave photons,
hybrid architectures that combine readout and entangle-
ment channels, and integration into scalable cavity medi-
ated networks [52,57]. While strong coupling is not
demonstrated here, we emphasize that our design strategy
directly supports progress in that direction.

Maximizing a, yields fast, sensitive readout: we achieve
unity SNR in approximately 34 ns, corresponding to a
approximately 14 MHz detection bandwidth and charge
sensitivity of approximately 2 x 10~* e/+/Hz, comparable
to or superior to rf-QPC and rf-SET sensors [11,16,17].
The same enhancement, however, increases susceptibility
to charge noise, as it scales the PSD quadratically as seen

by Eq. (23), since % = a, 4. Thus, lever-arm engineering

both sharpens readout and amplifies the need for material
and fabrication improvements that suppress charge
fluctuations.

Our results also clarify the role of bandwidth. The
resonator linewidth (kx/2z ~2-3 MHz) sets the intrinsic
cavity response, but the effective measurement bandwidth
(Bgr ~ 14.48 MHz) reflects how quickly states can be
distinguished with the amplification chain. High-fidelity
error-correction protocols will require consideration of
both limits.

A practical advantage of our approach is that substantial
lever-arm improvements can be achieved with straightfor-
ward design choices—thinning the oxide and directly
overlapping resonator electrodes with plunger gates—
without resorting to complex three-layer geometries.
This simplicity supports scalability to larger arrays where
fabrication yield and wiring density are paramount.

Future improvements include mitigating parasitic load-
ing from unintended 2DEG accumulation to restore higher
quality factors, integrating lever-arm-optimized readout
with spin- and valley-based qubits to benchmark fidelities
against error-correction thresholds, and combining lever-
arm and impedance engineering for even stronger coupling
while retaining fabrication simplicity.

In conclusion, lever-arm engineering establishes a
scalable design principle for high-bandwidth dispersive
readout in Si/SiGe quantum dots. By linking device
geometry to coupling strength and signal strength, this
work provides a clear pathway for integrating fast, high-
quality measurements into semiconductor qubit architec-
tures, advancing progress toward fault-tolerant quantum
computation.

V. CONCLUSION

We have realized fast, high-sensitivity dispersive read-
out of gate-defined Si/SiGe double quantum dots, achiev-
ing a 14.48 MHz detection bandwidth, z,,;, = 35 ns, and
charge sensitivity of 1.9 x 10~* ¢/y/Hz. These metrics
place our device among the fastest reported charge sensors,
comparable to or surpassing rf-QPC and rf-SET
approaches, while relying solely on lever-arm engineering
rather than high-impedance resonators. This strategy
simplifies fabrication and offers a clear path to scaling
in multiqubit arrays.

Beyond readout, the same architecture enables quanti-
tative noise spectroscopy, revealing 1/f charge noise up to
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approximately 10 kHz and a flat spectrum at higher
frequencies set by the measurement chain. This dual
functionality establishes lever-arm optimization not only
as a route to fast, high-fidelity measurement but also as a
diagnostic tool for material and fabrication improvements.

Looking ahead, integrating this readout with spin- and
valley-based qubits will enable benchmarking against
quantum error-correction thresholds. Combining lever-
arm optimization with moderate impedance engineering
could further enhance coupling while maintaining device
simplicity. Taken together, these results identify lever-
arm engineering as a practical and scalable design
principle for high-performance readout, advancing the
development of fault-tolerant quantum computation in
Si/SiGe platforms.
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APPENDIX A: FAST READOUT OF CHARGE
OCCUPATION

We have been able to acquire signals showing clear
transition lines with integration times on the order of 10 s
of ns. We can attain a high resolution stability diagram of
500 pixels by 500 pixels, with each pixel being integrated
for 35 ns in just 0.009 s. We show example stability
diagrams attained from the resonator readout with inte-
gration times varying from 16 ns and increasing by a factor
of 2 each new panel, with the second panel being 32 ns,

then 64 ns, 128 ns, ..., up to 1.048576 ms in Fig. 10; The
argument of the reflection coefficient is plotted and is
normalized in the interval [0, 1] such that Arg(S;,)

Arg(Sy1)—Min(Arg(S;))
Max(Arg(Sy;))—Min(Arg(S1;))
son between the various integration times.

Norm —

to allow for an equalized compari-

APPENDIX B: IQ BLOBS DATASET USED
FOR SNR ESTIMATES

The full dataset used to make the estimate for the SNR
as seen in the main text Fig. 7. The integration times
varied from 16 ns up to 2.56 ms; the results can be seen in
Figs. 11 and 12. Low-frequency charge noise can be seen
to affect the distribution for longer integration times as was
also found in Ref. [55].

APPENDIX C: DQD-RESONATOR COUPLING

We initially test the coupling of the resonator to the
DQD channel by first tuning the DQD into a regime where
it acts simply as a MOSFET channel. With the gate
electrodes set in such a way that an increase in the plunger
gate voltages would cause a steady current to flow through
the DQD. We then increase the microwave power to the
resonator to see an increase in the transport current through
the DQD. This becomes a voltage excitation to the gates,
Vs from the voltage excitation of the resonator, V,, as
6V, ~a,6V, « /P, If one scans the drive frequency near
resonance, more power goes into the system, and thus the
voltage seen by the resonator increases, 6V,, becoming
maximal at resonance. This, in turn, increases the potential
of the pseudotransistor gate to cause an increased flow of
current through the DQD channel. This effect can be seen
in Fig. 13. This test confirms for us that the resonator is
coupled to the DQD channel and can begin testing the
resonator readout.

We can also observe an effect that is primarily a
heating mechanism as the resonator because energeti-
cally excited drastically by the application of an
increased microwave power. When the DQD is tuned
properly, we can observe a significant broadening
of the Coulomb peaks with increased microwave
power. This can increase the electron temperature of
the system and even cause the mixing chamber to start
heating up when the power is too high. This is as the
chip itself is dissipating the power applied to it, heating
its surroundings. We must select a power which avoids
this but also gives a clear enough SNR for readout, as
the SNR is proportional to the drive power, P;,. As
stated in the main text, we operate the device around
—100 to —110 dBm, corresponding roughly to 10>-103
photons.
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FIG. 10. Stability diagrams for various integration times. Data were recorded from the resonator’s response to the changing dc bias
applied to the dot’s plunger gates. Integration times varying from 2* up to 2?° ns increasing by a factor of 2 each panel.

024040-16



FAST AND SENSITIVE READOUT OF A SEMICONDUCTOR ...

PHYS. REV.

APPLIED 26, 024040 (2026)

Tint=16ns, SNR=0.4

Tint=32ns, SNR=0.8

Tint =64 ns, SNR=2.0

Tint =128 ns, SNR=4.7

-21.0 1.6 ] -22.0 1
. . -22.4
S [ — -22.4 - — —22.5 1 —_
> > . > >
E E . E E 22874
S 2304 % S 232 - S -23.0 S ¥
232"
-24.0 4 240 -23.5 1 v
T T -23.6 T T T
22.5 24.0 25.5 24.0 25.5 24.0 24.8 25.6 24.0 24.6 25.2
/1 [mV] I [mV] /1 [mV] /1 [mV]
Tint =256 ns, SNR =8.7 Tint =512 ns, SNR=14.3 Tint = 1.02 us, SNR=21.3 Tint = 2.05 us, SNR=34.1
‘ -22.6
-22.4 =22.5 -22.6
S S -22.8 < -22.8 < -22.8
E E : E E
o 3 o "2307: o -23.0 1 o -23.0-
2324+ AN b
: -23.2 1 ¥ 2324
I 1 I 1 I I 1 1 I I 1
24.0 24.5 25.0 243 246 249 24.2 24.5 24.8 24.4 24.6 24.8
/1 [mV] /[mV] /1 [mV] /1 [mV]
Tint =2.56 us, SNR=27.2 Tint =4.1 us, SNR=52.9 Tint =8.19 pus, SNR =60.6 Tint = 16.4 us, SNR=122.7
-22.7 -
-22.7 1 22.8 928 -22.8 ’
% 22.8 % % % /
= 74481 = -23.0 = £ -23.04 7
o o o ~23.0 7 o ‘6
-23.0 p :
23.1 4 -23.1
= -23.1 1 T
231 T T T T — T
24.6 24.8 24.5 24.6 24.5 24.6 24.8 24.5 24.6
/[mV] /[mV] /[mV] I/ [mV]
Tint =25.6 s, SNR=84.1 Tint = 32.8 us, SNR=130.3 Tint =65.5 us, SNR=162.4 Tint =131 ps, SNR =215.5
" -22.7
g el o ’ & ’
> DS S S ’
E -2281 £ E 4 E /
S S -23.0 o -23.0 . o -23.0 e
-23.1 EE - E
-23.0 -23.1 4™ 23.1 4
I I 1 I 1 I I 1
24.6 24.7 24.8 24.5 24.6 24.5 24.6 24.8 245 246 2438
/[mV] /1 [mV] I/ [mV] /[mV]
Tint =256 us, SNR=91.8 Tint =262 Us, SNR = 241.6 Tint =524 us, SNR =45.0 Tint =1.05ms, SNR=172.3
: -22.7 4 ] >y
-22.7 ‘ ’ -22.7 - .
il _ 228 > N . _ :
E 228" E s E 2281 // E -22.8 /’
S o -23.0 2/ o o4 ”
-22.9 1 ’: -23.0 -22.9 ‘
s
-23.1 2304578
-23.0 T T T T T T T T e T T T
24.6 24.7 24.8 24.5 24.6 24.8 24.5 24.6 24.8 24.6 24.7 24.8
/1 [mV] / [mV] /[mV] /[mV]
Tint =2.56 ms, SNR =157.7
2.9
= 2.8
>
E
G 2.7 1
2.6
T T
-11 -0.9
/1 [mV]
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to 2.56 ms. Longer integration times suffer from low-frequency charge noise causing an elongated distribution.
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FIG. 13. Increasing the applied input power to the resonant
system causes a voltage excitation of the DQD channel acting as
a MOSFET channel. This excitation effectively increases the
gate voltage of the system causing a larger amount of current to
flow. This confirms that our system has a coupling between the
resonator’s feed line and the DQD channel.

APPENDIX D: LEVER ARM ESTIMATES

The lever arm, a,, of a gate g relates the voltage applied
to the gate, V,, to the electrochemical potential, experi-
enced in the QW by dot d, ¢,. It is a conversion factor from
the voltage to the energy [7]. For a set of {n} dots and a set
of {m} gates, the lever arm of the system is an n x m
matrix:

= —eaV, (D1)

where V is the column vector of length m consisting of the
voltages applied to each gate g € {m}. Considering a DQD
system and just the plunger gates directly controlling the
dots, we have a 2 x 2 lever arm matrix:

QLD,RP
9
QRD RP

where the labels LD(RD) indicate the left dot (right dot)
and LP(RP) indicate the left plunger (right plunger) gates.
The off-diagonal terms give the effect of other gates onto a
dot and lead to the cross-capacitive effect that gives rise to
the honeycomb pattern seen in DQD stability diagrams

[30,53,54]. This can be seen from the definition of the
— 1 U, i
y= =1,

a= <“LD’LP (D2)

ARD,LP

lever arm given in Eq. (2) in the main text; a;

relating the energy of the ith dot to the jth gate.
Considering the linear system, we have:

£ a a Vv
< LD) _ —e( LD,LP LD,RP> < LD)_ (D3)

€RD ORD,.LP  ORD,RP Vrp

When the electrochemical potentials of the dots are
equal and nonzero, e p = egp # 0, interdot tunneling
events can occur. This gives rise to a specific change in

the voltages which we can state as % | . This change
LP "€ p=€RD

in voltage is exactly related to the slope of the interdot
charging line seen in the stability diagram. Further when
the electrochemical potentials of each dot are zero, dot to
reservoir tunneling events can occur and for each dot. This
again is a specific change in voltage for each dot, which we

can state as L& | for the left dot and Y&2 | for the
Vir e p=0 Vip legp=0

right dot. Thus, evaluating Eq. (D3) at these three points,
we arrive at a set of equations which directly relate the
slopes seen in a DQD charge stability diagram to the lever
arm matrix elements as follows:

kip = @ _ _%brp ’
Viple p=0 aLp.RP
kpp = @ _ _%rDLP ’
VPl egp=0 ORD RP
k,= Ve _ %pLp T PRDLP ) (D4)
Vip ep=erp  YRD,RP — OLDRP

Furthermore, assuming a finite bias of Vgp applied to
the left dot, when the electrochemical potentials of the two
dots are equal, we find that:

[Vspl
= aiprp + kppRp-
AVip

(D5)

These four equations, including Eqgs. (D3) and (D5),
allow us to attain each lever arm matrix element.
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