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Electrical readout of spin qubits requires fast and sensitive measurements, which are hindered by poor
impedance matching to the device. We demonstrate perfect impedance matching in a radio-frequency
readout circuit, using voltage-tunable varactors to cancel out parasitic capacitances. An optimized
capacitance sensitivity of 1.6 aF/v/Hz is achieved at a maximum source-drain bias of 170-uV root-
mean-square and with a bandwidth of 18 MHz. Coulomb blockade in a quantum-dot is measured in both
conductance and capacitance, and the two contributions are found to be proportional as expected from a
quasistatic tunneling model. We benchmark our results against the requirements for single-shot qubit

readout using quantum capacitance, a goal that has so far been elusive.
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I. INTRODUCTION

Measuring the quantum state of an electronic device with
high fidelity requires sensitive, fast, and noninvasive read-
out. If the state can be mapped to an electrical impedance,
this goal can be achieved using radio-frequency reflec-
tometry of an electrical resonator incorporating the quan-
tum device [1]. This technique permits rapid readout of
charge sensors [2,3], spin qubits [4], and nanomechanical
resonators [5], as well as complex impedance measure-
ments of quantum-dot circuits [6—11]. For optimal sensi-
tivity, which can approach the quantum limit [12],
impedance matching between the device and the external
circuitry is essential to maximize power transfer between
them [13,14]. This requirement is made challenging by the
large resistance typical of quantum-dot devices (2100 k€,
compared with usual line impedance Z, = 50 Q) and by
parasitic capacitances in the matching circuit which vary
unpredictably between devices.

We present a circuit that achieves controllable perfect
matching with a high device impedance, even accounting for
parasitics. Voltage-tunable capacitors allow in situ tuning of the
matching condition [15,16] and an absolute calibration of the
capacitance sensitivity. We measure the complex impedance of
a Coulomb-blockaded quantum dot, finding that the capaci-
tance changes in proportion to the conductance. This relation is
in agreement with a quasistatic model of electron tunneling.

II. REFLECTOMETRY WITH PERFECT
IMPEDANCE MATCHING

We implement the matching scheme using as the device
under test a gate-defined GaAs quantum dot measured in a
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dilution refrigerator as shown in Fig. 1(a). The impedance
matching network is realized with a chip inductor L and
capacitors Cy;, Cp, and Cg forming a resonant circuit
incorporating the device. To make a reflectometry meas-
urement, a radio-frequency signal with frequency fc
injected at port 1 of the cryostat is coupled via a directional
coupler to the matching network input. The reflected
amplified signal is returned to port 2. From the amplitude
and phase of this signal, the reflection coefficient of the
resonant circuit and, therefore, the complex impedance of
the device can be deduced. A room-temperature homodyne
detection circuit demodulates a chosen quadrature of the
reflected signal to a dc signal V. Simultaneous dc trans-
port measurements are made using a tee to apply a bias
voltage V-

In previous work [1-3,6,7,15], the impedance match is
usually hindered by parasitic capacitances. Even with
careful engineering, sample wiring typically contributes
a sample capacitance Cg 2 0.3 pF in parallel with the
device [19]. In our experiment, these parasitic capacitances
are mitigated by adding a matching capacitor C;; and a
decoupling capacitor Cp at the input of the matching
network. This principle is illustrated in Figs. 1(b)-1(e),
which show simulated reflection coefficient I" as a function
of frequency for typical device parameters. With no
matching capacitor [Figs. 1(b) and 1(c)], perfect matching
(indicated by zero reflection) is achieved only for one value
of Cyg, in this case, 0.14 pF. With a parasitic capacitance
above this value, perfect matching cannot be achieved at
any carrier frequency f., degrading the sensitivity. One
approach to restore matching is to increase the inductance

© 2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevApplied.5.034011
http://dx.doi.org/10.1103/PhysRevApplied.5.034011
http://dx.doi.org/10.1103/PhysRevApplied.5.034011
http://dx.doi.org/10.1103/PhysRevApplied.5.034011

N. ARES et al.

PHYS. REV. APPLIED 5, 034011 (2016)

(@) : L v O o () Im (I)
rf source Mixer WV V 5 kQ=" 0 — ~ -
> : ."I ) ._:.a: i \‘/ \1'/ AT
. 330 pF | . v ' I | —\
L P 1: & | co=22pF ! ‘g 2T
Phase Tt T = 0.5 pF 0.1 oF T R
= r - e
shifter = P ‘»\\ ‘\ )
/ N N~ A
L 300 K A I I s Sgd
L T At N (e
-31dB +32dB
=
Im ()

C
@y, v
==
Vit
Matching network
FIG. 1.

fe (MHz)

(a) Experimental setup. A gate-defined quantum dot (electron micrograph right, with ohmic contacts denoted by boxes) is

coupled to an impedance-matching network formed from an inductor L (223 nH), variable capacitors Cg and C,; (tuned through the
circuit shown in the inset), and fixed capacitor Cp, (87 pF). Parasitic losses in the circuit are parametrized by an effective resistance R. To
probe the matching network, a radio-frequency signal is injected at port 1, passed via a directional coupler, and after reflection and
amplification received at port 2. The reflected signal is demodulated at room temperature to a dc voltage V, by mixing it with a local
oscillator; by adjusting the phase shift ¢, different quadratures of the signal can be detected. Alternatively, the signal is measured using a
network analyzer or spectrum analyzer. A bias resistor allows measurements of the device current / with dc bias V.. (b),(c) Simulation
with no matching capacitor (Cy, = 0). Voltage reflection coefficient I" is plotted as a function of frequency for different values of sample
capacitance Cg, as magnitude (b), and as a Smith chart [17] (c). The effective resistance is taken as R = 20 €2, the device resistance as
1 GQ, and specified nonidealities of the inductor are included [18]. The capacitance of the device is taken as included in Cy. Perfect
matching occurs when I' crosses the origin of the Smith chart (|T'] = 0). With these parameters, perfect matching is achieved only when
Cg = 0.14 pF, less than typical parasitic values. (d),(e) Simulated reflection for varying C,,. Perfect matching can be achieved even for a
realistic large value of Cy (here at Cj; = 13.5 pF for Cg = 2.2 pF). In (c) and (e), gray contours on the Smith chart indicate constant real

or imaginary circuit input impedance.

L; however, this reduces the readout bandwidth, and more
problematically introduces self-resonances of the inductor
close to the operating frequency. Our approach is to
introduce the capacitor Cj, to cancel out a reactive
contribution to the impedance. By increasing C),, a perfect
match can be achieved even with a much larger value of Cg
[Figs. 1(d) and 1(e)]. In this scheme, the purpose of Cp, is to
increase slightly the quality factor Q of the circuit by
decoupling it from the input.

This scheme is implemented using varactors (Macom
MA46H204-1056) for C, and Cg controlled by voltages
Vy and Vg, so that the parameters of the matching
network can be tuned in sifu (Fig. 2). The device under
test is a laterally defined quantum dot [20] fabricated by
patterning Ti/Au gates over a GaAs/AlGaAs heterostruc-
ture containing a two-dimensional electron gas (depth
90 nm, mobility 125 m?> V~!'s~!, carrier concentration
1.31 x 10" m™2). The device chip is bonded to a printed
circuit board mounted with components of the matching
circuit. Bias voltages for the varactors and the quantum-dot
gates are applied through filtered wires with a bandwidth of

approximately 100 kHz. A bias tee (not shown) allows a
high-frequency signal to be added to V; for characteriza-
tion at higher frequency.

At a refrigerator temperature 7Tic = 1 K, gate voltages
are set to pinch off the quantum dot completely (device
resistance > 200 M€). The quality of the impedance match
in this configuration is probed by measuring the trans-
mission S,; between ports 1 and 2, which is proportional to
I'. With C; set to the upper end of its range (Cy; ~ 14 pF),
Fig. 2(a) shows S,; as a function of frequency for different
values of V. As V is increased, the resonance frequency
fo increases, confirming the change in Cy. The quality of
the match depends strongly on Cg, with a minimum in the
reflected power near Vg = 13.5 V. From fits to these data
using a simple circuit model, parameters can be estimated
as follows [18]: From the trace with Vg =13.5V, the
tuned capacitances Cy; and Cg, the effective resistance R
characterizing parasitic losses, and the cable insertion loss
can be extracted. Traces for other values of Vg are then well
reproduced using only Cg and R as free parameters. Perfect
matching is achieved at f-~ 211 MHz and, according to
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FIG. 2. Reflectometry measurements as a function of frequency
for different Vg settings. Data are taken at Tyic = 1 K with V),
held constant. (a) Magnitude of S,;, with data (symbols) fitted
with a circuit model (lines). (b) The same data converted to circuit
reflectance and plotted on a Smith chart. Perfect matching is
achieved for Vg = 13.5 V. The direction in which the traces cross
the origin of the Smith chart is opposite to Fig. 1(c) because the
effective resistance R also changes with V.

this model, with Cg =~ 2.78 pF. Using the inferred insertion
loss and the known amplifier gain, which give the pro-
portionality constant between S,; and I', the complex
reflection coefficient I" can be plotted on a Smith chart
[Fig. 2(b)]. As Vg is tuned, the traces cross the origin,
confirming that the minimum seen in Fig. 2(a) indeed
indicates a perfect match.

III. CHARACTERIZING THE
CAPACITANCE SENSITIVITY

The ability to tune the circuit into perfect matching
allows for highly sensitive capacitance measurements. This
high sensitivity to capacitive changes is demonstrated in
Fig. 3, which characterizes the sensitivity by detecting the
response to a known capacitance change. A sinusoidal
signal with root-mean-square (rms) amplitude V,, and
frequency f,, = 1.75 kHz is added to Vg to modulate
Cs by a known amount 6C [18]. Modulating Cg, we
guarantee that the response is purely capacitive, unlike
modulations on the quantum-dot impedance that result in
both a capacitive and a resistive response.

As a result of this modulation of Cg, the power P
detected at port 2 shows sidebands at f =+ f,, [Fig. 3(a)].
From the height of the sidebands above the noise floor, the
sensitivity is given by S = (1/v/2)6C(Af)~"/210-SNR/20,
where SNR is the sideband signal-to-noise ratio expressed
in decibels, and Af is the resolution bandwidth [21]. Over
the range of varactor settings measured, S is found to
change by a factor > 15, with the best sensitivity close to
perfect matching as expected [Fig. 3(b)]. This dependence
is reproduced well by the same circuit model as above [18].
In agreement with the model, S is optimized when f is
set to the resonance frequency f [Fig. 3(c)]. The optimum
sensitivity attained at Vg=13.5V and f-=f)=
210.75 MHz is S¢ = 1.6 aF/v/Hz.
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FIG. 3. (a) Power spectrum of signal at port 2 near perfect

matching (Vg = 13.5 V) with varactor modulation V,, = 2mV
showing the carrier peak and modulation sidebands. The SNR
and resolution bandwidth (Af) are indicated. (b) Left axis:
Capacitance sensitivity S¢ as a function of Vg measured (filled
triangles) and simulated (empty triangles). Agreement is good
except for Vg <3V, where f, approaches a resonance of the
cryostat. Right axis: Figure of merit SV, (crosses) as a function
of V. Measurement parameters are Af = 10 Hz, V,, =2mV .,
fm =1.75kHz, and f- = f,. Tuning the circuit near perfect
matching improves the sensitivity to Sc = 1.6 aF//Hz. Fitted
values of Cy at each Vg setting are marked on the top axis. Error
bars on the data are smaller than the symbols. Error bars for SV
and simulated S reflect systematic uncertainty in the power
delivered to the matching network [18]. For clarity, only a single
error bar is marked. (c) Symbols: Measured S as a function of f
for Vg =135V (circles) and Vg =9 V (triangles). Curves:
Simulated S¢. Shaded bands indicate systematic uncertainty in
the simulation of the same origin as in (b).

In characterizing the sensitivity, it is crucial to take
account of measurement backaction. With larger applied
power or improved matching, the capacitance sensitivity
can be improved at the price of a larger voltage drop across
the device, potentially disturbing the state being measured.
The figure of merit is, therefore, not simply S but the
product SV, where V| is the rms excitation voltage at the
device [18]. This figure of merit is plotted in Fig. 3(b), with
Vo calculated from the carrier power using the circuit
parameters from Fig. 2. For all data in Fig. 3, the carrier
power P; at port 1 is set to —29 dBm and near perfect
matching Vo = 117 £ 54 uV,.,; i.e., the maximum bias
applied is approximately 170 uV .. The figure of merit
ScVy is minimized at the same circuit tuning as Sc,
confirming that the optimal configuration of the circuit
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is, indeed, close to perfect matching. Note that minimizing
ScVy is not achieved by minimizing Cy but by setting Cg to
achieve perfect matching.

IV. MEASURING THE QUANTUM-DOT
IMPEDANCE

We now turn to measurements of the quantum dot. First,
we confirm that the impedance of the device itself can be
measured with good sensitivity and bandwidth. Gate
voltages are adjusted to the flank of one Coulomb peak
at a point of maximum transconductance. With a modu-
lation voltage now applied to a gate, Fig. 4(a) shows the
sideband SNR as a function of f for two different varactor
settings. Again, the perfect matching condition (still
corresponding to Vg =13.5V) yields a bigger SNR.
Figure 4(b) shows the SNR as a function of f,,, from
which the readout bandwidth can be extracted; this readout
bandwidth is found to be 34 MHz at Vg = 9 V and 18 MHz
at Vg =13.5 V. These data confirm that the readout
bandwidth is set by the Q factor of the circuit and that
the tradeoff between bandwidth and sensitivity can be
tuned via a varactor.

Next, the stability diagram of the quantum dot is
measured [18]. With the circuit cooled to Ty;c=20mkK,
simultaneous measurements of the dc transport conduct-
ance and the demodulated signal V, are shown as a function
of V; and Vy;, [Figs. 4(c) and 4(d)]. Coulomb-blockade
diamonds are evident in both Figs. 4(c) and 4(d). The
similarity between these plots shows that changes in the
quantum-dot impedance are well captured in reflectometry.

Below 1 K, GaAs junction varactors show a delayed
response to the tuning voltage, making acoustic-frequency
modulation unreliable at 7;c = 20 mK. Nevertheless, they
continue to act as a radio-frequency capacitor, although
with diminished and temperature-dependent tuning range.
For this reason, exact impedance matching could not be
achieved at 20 mK on this cooldown, that will require
increasing the geometrical contribution to Cg or decreasing
that to Cy,.

Although the setup is optimized for capacitance sensi-
tivity measurements, we can also operate our device as a
single-electron transistor and estimate its charge sensitivity.
The charge sensitivity is calculated from the measured SNR
at a given bandwidth and the charge modulation estimated
from the modulation amplitude and the Coulomb peak
spacing [1], in an analogous expression to the one used for
Sc. We obtain approximately 1650 ue/+/Hz with a maxi-
mum V, of 144 uV .. For Si transistors, the state-of-the-
art value of 37 ueHz '/? is achieved with an applied
voltage to the rf gate of 0.5 mV [11]. Our diminished
charge sensitivity reflects the smaller rf bias, the smaller
lever arm, and the lifetime broadening of the Coulomb
peaks with respect to Ref. [11].

In the data of Fig. 4(d), the demodulated signal is
sensitive to both conductance and capacitance of the
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FIG. 4. (a),(b) Comparison of SNR close to perfect matching
(Vg =13.5 V) and away from perfect matching (Vg =9 V),
with modulation applied to the gate voltage V;. SNR is plotted
against carrier frequency in (a) with f,, = 1.1 MHz, and against
modulation frequency in (b) with f- = f, [marked with arrows
in (a)] where f( is measured as in Fig. 2(a). For both data sets,
Af =10 Hz, the modulation amplitude is 0.48 mV,,, and
Tye =1 Ko The applied power in (a) is adjusted at each
frequency and voltage setting so as not to broaden the Coulomb
peaks [18]; in (b), the power is fixed at the value chosen for
fc=fo(Pi~—31 dBmboth at9 and 13.5 V). As seen from (a),
the SNR is maximized near perfect matching and for f = f,
although a resonance of the cryostat at low frequency enhances
the SNR around f- = 160 MHz. From Lorentzian fits [curves in
(b)], the 3-dB readout bandwidth can be extracted. Error bars
indicate variation between different data sets in (a) and the
uncertainty in the noise level in (b); for clarity, only a single error
bar is marked in (b). (c) Conductance through the quantum dot as
a function of Vi, and V; measured at Ty;c =20 mK and
showing Coulomb-blockade diamonds. (d) Demodulated voltage
Vp measured simultaneously with (c) with Vg=13.5V
(fc = 210.75 MHz). The applied power P; = —40 dBm does
not broaden the Coulomb peaks at Ty;c = 20 mK.

quantum device. To isolate the capacitance Cy,, we
measure Vp as a function of the phase shift ¢ applied in
the demodulation circuit. Figure 5(a) shows traces mea-
sured on and off a Coulomb peak, showing the phase shift
associated with the quantum capacitance. To extract Cy,
from the measured phase shift, it is not sufficient simply to
assume they are proportional because changes in the
quantum-dot conductance also lead to a phase shift;
however, using the measured dc conductance G, within
our circuit model, it is possible to calculate Cgy, [18].
Figure 5(b) shows Cy,, calculated at each gate voltage over

a series of Coulomb peaks, together with G§¢, measured at
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FIG. 5. (a) Demodulated response of the circuit as a function of
¢ for V; set on (green dashed) and off (blue solid) a Coulomb
peak with Vy;,c = 0. Both the amplitude and phase of V, are
different, indicating a dissipative as well as a dispersive con-
tribution on peak. (b) Imaginary contribution to the device
impedance as a function of V over a series of Coulomb peaks.
Line: Measured dc conductance from Fig. 4(c). A gap in the line
shows that we account for a switch event that occurs after the data
in Fig. 4(c) are taken. Symbols: Capacitance extracted from
curves as in (a) and a circuit model of the matching network. Cy,,
varies proportionally to Ggf)l as a function of V;.

the same settings. Cy,, can, in principle, be calculated only
from the amplitude and phase of the curves in Fig. 5(a).
However, while ¢ corresponds directly to the phase of I,
the amplitude requires a conversion factor that due to small
nonlinearities in the demodulation circuit we cannot
consistently determine. We, thus, rely on ¢ and G, to
extract Cyy.

In our data, it is evident that the quantum-dot capacitance
is proportional to the conductance. This should not be true
in the general case. However, such a behavior is possible in
the asymmetric limit 'y << I'; with ', approximately
constant with V;, where we expect both Cy, and Ry, to
vary with V; like the density of states of the quantum dot
[18,22,23]. Interestingly, in Ref. [24], a similar behavior is
observed for a quantum dot coupled to a coplanar
microwave cavity, i.e., the phase shift in the cavity micro-
wave transmission, which reveals Cgy, is approximately
proportional to the dc conductance of the dot (see
Ref. [24], Fig. 2).

This proportionality contrasts with previous measure-
ments where the tunnel barriers are more opaque and
nonproportionality between dc or ac conductance and
capacitance can be observed [7,25]. This is the case, for
instance, when the quantum-dot dynamics is dominated by
the quantum charge-relaxation effect [26] evidenced in rf
conductance measurements. This rich phenomenology
[27-30] can be explored with our setup.

V. DISCUSSION

These sensitive measurements of quantum-dot imped-
ance are promising for readout of singlet-triplet spin qubits
in a double quantum dot. Using quantum capacitance for
readout of a singlet-triplet obviates the need for a charge
sensor [6], which is attractive for scalable two-dimensional
architectures. However, although the theoretical sensitivity
of this technique [31] allows for single-shot readout in a
few microseconds, practical sensitivities are found to be
well below this, in part because of poor impedance
matching.

Estimating the difference in quantum capacitance [6]
between qubit states as approximately 10 fF, our measured
sensitivity S = 1.6 aF/+/Hz would, at first sight, indicate
single-shot readout with the unit SNR in integration time
T meas ~ 13 ns. Crucially, this sensitivity is achieved with a
maximum bias V=~ 170 uV s, which is smaller than the
typical singlet-triplet splitting in a qubit device [32] and,
therefore, does not induce charge relaxation in the triplet
manifold. However, this calculation does not take into
account the fact that the quantum capacitance peaks in a
narrow bias range near zero detuning. The single-shot
readout time should, instead, be estimated by comparing
the product SV, which characterizes the sensitivity to
charge induced on the source electrode, with the actual
charge Ade induced by electron tunneling, where 1 is the
lever arm. Taking A = 0.3 from Fig. 4 and the mean value
of ScV, close to perfect matching, we find that the unit
SNR requires T a5 ~ 64 ps. Since this is about twice the
singlet-triplet qubit relaxation time [33] in GaAs, further
improvements are required to achieve single-shot readout.
Our approach can be improved by optimizing the remain-
ing geometric capacitance in the circuit by using super-
conducting inductors to increase the quality factor [10,34]
and by using a superconducting amplifier with drastically
reduced noise temperature [35].
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I. CIRCUIT SIMULATION OF THE MATCHING
NETWORK

The fits in Fig. 2 are obtained using the circuit model
shown in Fig. S1. The three capacitors C's, Cp and Cy
are taken as simple lumped elements, each incorporat-
ing any parasitic capacitance in parallel with the varac-
tor. The inductor is modelled as a network of elements
as shown, which simulate its self-resonances and losses.
Other losses in the circuit are modelled by an effective
resistance R. The device under test is taken as a parallel
RC circuit.

The reflection coefficient I' is then equal to

_ Zwot(fc) = Zo

- Zi(fo) + 2o’ 51

I'(fc)

where Zio is the total impedance from the circuit’s input
port and Zy = 50 € is the line impedance. We relate the
measured transmission S; to I' by assuming a constant
overall insertion loss A, incorporating attenuation in the
cryostat lines, the coupling of the directional coupler, and
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FIG. S1. Circuit model of the matching network and de-
vice. Capacitors Cv, Cp and Cs are taken as simple lumped
elements, including any parasitic capacitances in parallel. El-
ements Ry, Rc and C1, model parasitic contributions to the
impedance of the inductor L. The effective resistance R mod-
els other losses in the circuit. The quantum dot is modelled
by the combination of Ryor = 1/GRY and Cyot.

the gain of the amplifier, such that
1921 (fo)l = A[L(fo)l. (S2)

Fitting to Eq. (S2), we take Cp = 87 pF from the
known component value; take L = 223 nH, Ry, = 3.15 x
107% Q x y/fc [Hz], Re = 25 Q and Cy, = 0.082 pF from
the datasheet of the inductor; and assume Rgo; = 1 G2
and Cyo; = 1 aF for a pinched-off device. Fit parameters
are then A, Cyi, R, and Cs. From the fit at Vg = 13.5 'V,
we obtain A = —27.6 £ 0.3 dB and C\; = 14.5 + 0.9 pF.
For other fits, we hold these values constant; extracted
values for Cs and R at each voltage are plotted in Fig. S2.

II. CIRCUIT SENSITIVITY

In this section we give further details of how the sen-
sitivities in Fig. 3 are measured and simulated.
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FIG. S2. Values of Cs and R at Tmce = 1 K, obtained from
fits as in Fig. 2(a). Dashed line is the datasheet value of
Cs at room temperature including a parasitic capacitance of
0.7 pF. The comparatively small fitted values of Cgs indicate
that some of the dopants in the varactor have frozen out.



A. Measuring the sensitivity

For the sensitivity measurement in Fig. 3, we deter-
mine the root-mean-square (RMS) capacitance modula-
tion 6Cs as follows. From a measurement of |Sa1| as a
function of fo and Vg (Fig. S3(a)), we extract the res-
onance frequency fo(Vs), defined as the location of the
minimum at each voltage. Approximating that

1
" 2n/LCs(Vs)

we relate 0Cs to the RMS varactor modulation voltage
Vi by:

fo(Vs) (S3)

dCs
(5 = | — Vm
s 'st
Vm dfO
= — [ —— 4
2m2Lf3 |dVs |’ (54)

where dfy/dVs is taken as a smoothed numerical deriva-
tive of the measured fo(Vs) (Fig. S3(b)).

Although Eq. (S3) applies strictly only for a simple
LC resonator, we have confirmed numerically that this
procedure gives a good approximation for dCs/dfy in our
circuit model.

B. Simulating the sensitivity

Taking the amplitude of the incident signal as V,0, the
reflected signal from the matching network is:

Vi(t) = Vig Re(Te™").

In response to a change dCgs in the capacitance, the re-
flection coeflicient changes by 0I', leading to a change in
reflected voltage:

§Vi(t) = Vi Re(|6T|e!(«tHars(dD))),

giving for the variance in V;

0y2
wv2) = Yl gorpe)
Ut

2

2

U 1™ 5c2).

dCs

The sensitivity is defined as the root-mean-square 6Cg
per unit bandwidth for which (§V;2) becomes equal to
the noise fluctuation SZA f:

V2
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dar VAL v
dCs in

So =

Assuming that the system noise is dominated by the am-
plifier noise temperature T and that there are no losses
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FIG. S3. (a) Response of the circuit as a function of Vg and
fc. (b) Points: Numerical derivative (dfo/dVs) as a function
of V5. Line: Smoothed data used in Eq. (S4) to calculate 6Cs.

between the matching circuit and the amplifier input, we
obtain:

V2N Zo

dr |y0’
dCs in

Se = (S5)

where k is Boltzmann’s constant. This is the formula
used to simulate S¢ in Fig. 3.
In this simulation, we took the amplifier noise from the

manufacturer’s specification, giving Ty = 3.7 K. We cal-
culated ’%
S

numerically using the same circuit model

as above, taking parameters from fits as in Fig. 2. The
signal level to the matching circuit, V%, is in principle
known from the applied power P, = —29 dBm and the
insertion loss in the injection line. However, we find
that the fits in Fig. 2 yield an overall insertion loss
(A = —27.6 £ 0.3 dB) that is greater than the sum of
the fixed attenuators on the injection line (-31 dB), the
coupling of the directional coupler (-20 dB), and the spec-
ified amplifier gain (+32 dB). This implies a distributed
additional insertion loss of ~ —8.6 dB, with a correspond-
ing uncertainty in the value of V2. For the simulations
in Fig. 3, we assumed this contribution was distributed
equally before and after the matching network, but the
possibility of unequal distribution dominates the error
bars in simulated S¢ and S V.

C. The figure of merit for readout bandwidth

In the main paper, we stated that the figure of merit
for a dispersive qubit readout circuit is not the capaci-
tance sensitivity Sc, but rather the product ScVy. In
this section, we justify this statement. For any transi-
tion being measured, such as the inter-dot transition in
a double-dot qubit, the quantum capacitance peaks in a
window about zero detuning. Although Eq. (S5) predicts
an improving capacitance sensitivity with increasing inci-
dent signal, once the detuning excitation becomes larger
than the peak width, over most of the detuning cycle



the device is configured to have zero capacitance. The
benefit of the larger drive voltage is therefore lost.

To calculate the bandwidth with which the inter-dot
transition can be resolved, we note that the average ca-
pacitance over the RF cycle is

oo B
AV
where AV = 2v/2Vj is the peak-to-peak voltage on the
source electrode and Ag is the change in electrode charge
over the cycle. The maximum value of Agq is achieved
when Vj is set much larger than the peak width, and is
given by Aqg = Ae, where A is the lever arm. The readout
bandwidth A f for unit SNR then satisfies:

C Aq
A/ A = — = —
f Sc 2\55@‘/0
e
= - SG
2\/§ch0 (56)

For given lever arm, the figure of merit is therefore
given by ScVp, which from Eq. (S5) is fixed by the cir-
cuit parameters independent of the incident power. For
the optimum tuning of this circuit, we have ScVy =
1.2 x 1073¢/+v/Hz, so for A = 0.3 we could achieve unit
SNR for single-shot readout in bandwidth A f = 7.8 kHz,
or an integration time of 64 us.

III. CARRIER SIGNAL POWER

The carrier power in Fig. 4(a) was chosen separately
at each frequency fo to avoid broadening the Coulomb
peak. Fig. S4(a) shows this peak broadening for increas-
ing P; for a typical combination of fo and Vg. For each
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FIG. S4. (a) Current as a function of V4, and P;, showing the
Coulomb peak at which the SNR measurements in Fig. 4(a)
and (b) were performed. For these data, Vs = 13.5 V,
fc = 211 MHz, and Viias = 100 V. The dashed line in-
dicates the threshold carrier power Pr; for P; < Pr no de-
tectable broadening of the Coulomb peak is observed. (b)
Measured Pr (points) as a function of carrier frequency for
Vs =9V (triangles) and Vg = 13.5 V (circles). Solid lines are
Lorentzian fits from which values of P; were chosen for the
SNR measurements in Fig. 4(a).

such combination, a threshold power Pr is extracted, de-
fined as the largest power for which no peak broadening
could be detected. Figure S4(b) shows how this thresh-
old power depends on f¢ for two different Vg settings.
Each dataset is fitted to a Lorentzian to define a function
Pr(fc, Vs). This is the carrier power chosen in Fig. 4(a).

IV. MEASUREMENT OF THE QUANTUM DOT
CAPACITANCE

To determine the device capacitance Cgo; as in
Fig. 5(b), we begin by measuring |S21(fc)| with Vi, set
so that the device is pinched off. In this situation, we
assume that Cgqoy = 0. Fitting as in Fig. 2, we ob-
tain Cs = 2.673 4+ 0.005 pF, C = 15.0 + 0.8 pF,
R =11.7409 Q and A = —24.9 + 0.2 dB. The dif-
ferences from the values at 1 K indicate that parasitic
losses are reduced at 20 mK.

Given these circuit parameters, the phase of the re-
flected signal for other V1, settings is determined entirely
by Caot and Rgot; from Eq. (S1), I' can be expressed in
terms of an amplitude (A,) and a phase (¢) as follows,

= AV(Ztot)ei¢(Ztot)7 (S7)

where Ziot = Ziot (Rdot, Cdot)- Eq. (S7) makes explicit
how the phase shift measured as in Fig. 5(a) is depen-
dent on both Rgo; and Cgot, as mentioned in the pa-
per. While the phase shift extracted from the curves in
Fig. 5(a) corresponds directly to ¢, the conversion from
the amplitude of the demodulated signal (Vp) to A, is not
equally straightforward; it depends on the overall circuit
gain that we cannot determine accurately due to small
non-linearities. For this reason, as mentioned in the pa-
per, we have just relied on the measured phase shift to
determine Cggt.

Finally, from the measured phase shift as a function of
VL, obtained by fitting curves similar to Fig. 5(a), and
assuming Rgor = 1/ GdDO% we numerically evaluate Cyot
to obtain the values plotted in Fig. 5(b).

V. PROPORTIONALITY BETWEEN
QUANTUM DOT CAPACITANCE AND
CONDUCTANCE

This section presents a simple model which explains
the relationship between GdD(g, Gdet and Cgqo:. We con-
sider a quantum dot coupled to left and right leads by
tunnel rates I'y, and I'g respectively, and assume the low-
temperature limit kTyc/h < Tr,Ty. The linear DC

conductance can then be written
262 FLFR
GPC =" % Vi S8
dot = 7 T 1 Tn pler, V1) (S8)

where p is the quantum dot density of states, ep is the
the Fermi level and Vi, the gate voltage that allows us



to control the electrochemical potential of the quantum
dot [1].

We now consider a time-dependent voltage V(t) =
V2V, coswt applied to the left lead. The current that
flows in response to this voltage is not in general [2, 3]
determined by Eq. (S8). However, so long as w <
I'y, 'r, electron tunnelling occurs instantaneously on the
timescale of the oscillating voltage and there is no addi-
tional dissipation due to the time dependence. From the
width of the smallest Coulomb peak in Fig. 5(b), we de-
duce I';, + I'g ~ 30 GHz, and therefore this assumption
is justified. The RF conductance is therefore the same as
the DC conductance:

Gdot - Gdot

A capacitance arises because the quantum dot charges
and discharges in response to the RF voltage. The charge
on the dot is

Q(t) = Qo + exp(er, VL)V (t)

where Q) is the charge with no bias, e is the elementary
charge, and & is the occupation probability of a state in
the transport window. To supply this charge, the current

from the left lead is

1(t) = BQ(t)
= efBrp(er, VL)V (1)

with 8 a constant which parameterizes how much of the
charge tunnels from the left lead, as well as how plas-
monic screening currents triggered by tunneling events
are distributed in the circuit [4]. We identify this cur-
rent as due to a capacitance

Caot = efBrp(er, V1).
Comparing with Eq. (S8), we see that

I', +T'r

Caot = GRC
dot = BE——— Tlr dot*

In the general case, Cyo; and Gdot should not be ex-
actly proportional since (3, k, and the tunnel rates vary
independently with V1,. We cannot determine the full de-
pendence of Sk with the tunnel rates I'y, and I'g from our
phenomenological model. However, in the limit where
I'r < I'y, and only T'f, increases with Vi, 8k should sat-
urate to its asymmetric limit, while & LJ}F E ~ = should
remain constant. In this case, the variations of %’dot and
GdOt with V7, should be proportlonal. From our con-
ductance data, we can see that 'y and I'r, are clearly
asymmetric. Therefore this scenario could explain why
we find that Cgot and GdDOCt are proportional.
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