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Radiofrequency reflectometry can provide fast and sensitive electrical

read-out of charge and spin qubits in quantum dot devices coupled to
resonant circuits. Insitu frequency tuning and impedance matching of the
resonator circuit using voltage-tunable capacitors (varactors) is needed
to optimize read-out sensitivity, but the performance of conventional

semiconductor-and ferroelectric-based varactors degrades substantially in
the millikelvin temperature range relevant for solid-state quantum devices.
Here we show that strontium titanate and potassium tantalate, materials
which can exhibit quantum paraelectric behaviour with large field-tunable

permittivity at low temperatures, can be used to make varactors with
perfectimpedance matching and resonator frequency tuning at 6 mK. We
characterize the varactors at 6 mKin terms of their capacitance tunability,
dissipative losses and magnetic field insensitivity. We use the quantum
paraelectric varactors to optimize the radiofrequency read-out of carbon
nanotube quantum dot devices, achieving a charge sensitivity of 4.8 pe Hz 2

and a capacitance sensitivity of 0.04 aF Hz

Radiofrequency (RF) reflectometry is a measurement technique
that allows fast and sensitive read-out of charge detectors such as
single-electron transistors', quantum point contacts*® and quan-
tum dot devices that hold charge or spin qubits®2. By coupling the
quantumdevicestolumped-elementelectrical resonators or on-chip
stub tuners®, it is possible, in principle, to perfectly match the
impedance of the devices to the RF feedlines connected to them™.
This ensures an optimum power transfer to the devices, and the best
charge and capacitance sensitivities are expected in this read-out
regime®. However, in practice there are often large and unpredict-
ablevariations between device impedances. Itis therefore necessary
to haveinsitu tunability of the resonator circuits to ensure perfect
matching. In addition, tunability of the resonant frequencies of the
circuitsisrequired to achieve optimal performance when using RF
components that have anarrow operation bandwidth (such as many

-1/2

low-noise amplifiers)' or for multiplexing signals of several read-out
channels".

In situ tunability for impedance matching and frequency tun-
ing can be achieved using voltage-tunable capacitors, which are also
known as varactors. However, commercially available varactors are
not designed for low-temperature operation. Semiconductor-based
varactors have been shown to work down to temperatures of around
1K (refs. 18-22), but their performance degrades substantially in the
millikelvin temperature range, at which most solid-state quantum
devices are operated due to the freezing out of free charge carriers.

Another type of varactor is based on ferroelectric materials,
which have a high dielectric permittivity that can be tuned by an
electric field. Ferroelectrics in the lead titanate and barium stron-
tium titanate (BST) families are often used. BST (Ba,_,Sr,TiO;) is
a particularly well-studied material with good tunabilty at room
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Fig.1|Schematic ofthe RF detection circuit. a, In different experiments, a fixed
capacitance,an SQD and aDQD device are embedded in an LCresonant circuit

for high sensitivity and high bandwidth measurements. Two SrTiO, varactors are
incorporated in the circuit for frequency tuning and impedance matching. The RF
signals are amplified using alow-noise cryogenic amplifier operating at 3 K. Room

temperature demodulation provides a measurement of both RF quadratures.

b, The two varactors are fabricated on a single SrTiO; crystal and have a parallel
plate geometry. The varactors are voltage biased using bias tees and characterized
inthe schematicinaby a variable capacitance and effective series resistance to
incorporate losses. IF, intermediate frequency; LO, local oscillator.

temperature and relatively low loss tangent. These materials are,
however, typically operated in their paraelectric state—that is, well
above their Curie temperature—to minimize losses. At low tempera-
tures, materials such as BST become ferroelectric and lose their tun-
ability, and dissipative losses increase. Some materials—including
strontiumtitanate (SrTiO,), potassium tantalate (KTaO,) and calcium
titanate (CaTiO;)—can, though, exhibit quantum paraelectricity, a
phenomenon where ferroelectric order is suppressed by quantum
fluctuations down to zero kelvin.

In this Article, we show that quantum paraelectric materials can
be used to make varactors that operate at millikelvin temperatures. We
focus onSrTiO, varactors because the material has a very high relative
permittivity (on the order of 10,000) at temperatures below ~4 K,
whichcanbetuned by over an order of magnitude using an electric field
in this temperature range” . We also show that KTaO, can be used to
make millikelvin varactors, though the electric field tunability is lower
thanfor SrTiO,. We show that SrTiO, varactors can be easily fabricated
and allow frequency tuning and perfect impedance matching down
to 6 mKwhenintegrated into an RF measurement circuit. The perfor-
mance of the varactors at 6 mK (the lowest achievable temperaturein
our measurement system)is characterized interms of their capacitance
tunability, dissipative losses and magnetic field dependence. Toillus-
trate their use in RF read-out, we measure single quantum dot (SQD)
and double quantum dot (DQD) devices and show that the SrTiO; varac-
tors allow optimization of the signal-to-noise ratios (SNRs) to achieve
charge and capacitance sensitivities of 4.8 pje Hz¥2and 0.04 aF Hz 2,
respectively.

Matching network and device

The RF detection circuit we consider is shown schematically in Fig. 1a.
It consists of a quantum device coupled to a resonant circuit formed
by aninductor L and parasitic capacitance C,. Two SrTiO, varactorsare
included for frequency tuning and impedance matching, asillustrated
in Fig. 1b. The varactors consist of parallel metallic pads (5/60 nm Ti/
Au) on either side of a 0.5 mm TiO,-terminated single-crystal SrTiO,
(001) substrate. Top pads of varying dimensions were fabricated using
optical lithography—the smallest of circular shape and 50 pm diam-
eter—thatare voltage biased against the fully metallized bottom of the
substrate. The latteris directly connected to the RF measurementline.
Inour experiments, the two varactors are either fabricated on separate
SrTiO,substrates or, asin Fig. 1b, onthe same 3 x 3 mm?substrate and
separated by about 2 mm. In this work, we first characterize the varac-
tors by coupling the circuit to a known fixed capacitor and then use the
detection circuit for the read-out of SQD and DQD devices relevant for
quantum information processing.

The circuits are measured in a dilution refrigerator with a base
(lattice) temperature of 6 mK. All d.c. lines are filtered at various stages
with a filter bandwidth of ~3 kHz. We use two separate d.c. control
voltages, V;and V,,, applied via bias tees, to tune the two varactors as
indicated inFig.1b. The RF signalis attenuated at various stages along
thedilutionrefrigerator and applied to the device and matching circuit
using a directional coupler. The reflected signal is amplified using a
low-noise amplifier with noise temperature T =5 K mounted at the
3 Kstage and demodulated at room temperature. In measurements on
DQDs (discussed below), we have additionally incorporated aJoseph-
son parametric amplifier (JPA) mounted at the mixing chamber stage
of the dilution refrigerator.

Impedance matching and frequency tuning

We first characterize the SrTiO; varactors by measuring the response
whenthe detection circuitis coupled to afixed capacitance of ~2.8 pF as
inthetop leftinsetin Fig.1a. Figure 2a shows the resulting RF amplitude
response as afunction of frequency and control voltage V.. Here we set
V,=0Vandvary V;between-30 Vand 15 V. Thisresultsinapronounced
shift of the resonance frequency, reaching aminimum of ~215 MHz at
V;=-10Vand a maximum of ~223 MHz at V;=15V. At the same time,
the strength of the amplitude response changes, as also seenintheline
scans of Fig. 2a, demonstrated asimultaneous change in the matching
conditions. Matching is observed around V;=-15.7 Vand -7.0 V with
the device being over-coupled to the RF feedline within this range and
under-coupled elsewhere.

To quantitatively understand the response of the SrTiO, varac-
tors, we parameterize the varactors by their voltage-dependent
capacitance and effective series resistance, which takes into account
dissipative losses. Using these two variables as fit parameters, we are
able to obtain excellent agreement with the observed data (see the
right column of Fig. 2a and Supplementary Information Section I for
further details on the fit procedure). The results are summarized in
Fig. 2c, which shows the values obtained for the frequency tuning
varactor capacitance C; and effective series resistance R;as a func-
tion of the control voltage V;. Over the voltage range measured, the
capacitance canbetuned between 18 pF and 45 pF, with the maximum
value observed at V;=-10 V. The effective series resistance has a
minimum of about 1.5 Q when the capacitanceis atamaximum. The
resistance values include contributions from the chip inductor and
circuit board and so should be considered an upper bound for the
losses in the varactor. Similar tunability is observed for the second
varactor in the circuit, controlled by V,,. Operating the two varactors
together allows independent tuning of the resonance frequency and
matching conditions.
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Fig.2|SrTiO; varactor characterization. a, Colourscale plot of the measured
reflection coefficient magnitude |7 (left) and model fits (right) as a function of
RF frequency and varactor voltage V. For these measurements V,, is set to zero.
The data shows shifts of the resonance frequency, reaching a minimumaround
V;=-10 V. The simultaneous change in matching conditions results in astrong
variation of the measured magnitude. Perfect matching is observed around
V;=-15.7Vand -7.0 V. The linegraphs show the reflection coefficient magnitude
|M as afunction of varactor voltage along the directions indicated by the arrows.
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b, Reflection coefficient magnitude | data and model calculations (solid lines)
asafunction of frequency for several different varactor voltages as indicated.

¢, Effective capacitance and resistance values for the varactors obtained from the
datafitsina, showing amaximum C;of 45 pF. d, Measured RF phase response as
afunction of frequency for several different varactor voltages as indicated. The
datashow clear transitions from under- to over-coupling, with perfect matching
observed herearound V;=-15.7 V.

These measurements are consistent with the behaviour of SrTiO,
at higher temperatures and show that the material retains its charac-
teristic tunability down to millikelvin temperatures. Using
finite-element simulations of our device geometry we obtain arelative
permittivity of approximately 20,000 for the maximum capacitance
of 45 pF observed here, ingood agreement with expectations for SrTiO,
(ref. 28). The extracted values for the capacitance and effective series
resistance also allow us to estimate the dielectric loss tangent of the
varactor defined as tan(6) = €”/€’, where €” and €’ are the imaginary
and real part of the relative permittivity'. The loss tangent can be
related to the effective series resistance tan(6) = R.C; w, where w = 21tf
is the angular frequency of the measurement. Because in our experi-
ments we cannot distinguish between loss contributions from the
SrTiO,varactors and the chipinductor and circuit board, it is difficult
to provide an exact value for the varactor loss tangent. Nevertheless,
fromthe values for R;and C;extracted in Fig. 2c, we can estimate tan(6)
tobeinthe 10™"-1072 range. Dissipation in SrTiO; has been attributed
totheinteractionbetween the oscillating (RF) electric field and acous-
tic phonons, where the presence of alarge d.c. electric field breaks the
crystal lattice symmetry and introduces a field-dependent dipole
moment in the unit cell, making the system more susceptible to RF
losses®. In single crystals, this results in an increase of the observed
loss tangent for larger d.c. electric fields, which is consistent with
our data.

The shift of the maximum capacitance to negative voltages, as
seen in Fig. 2c, has previously been reported (for example, in ref. 30)
and hasbeenattributed to trapped charges, such as oxygen vacancies,
inthecrystal. Thisalso creates hysteretic behaviour and adependence
of the capacitance on the voltage sweep history. We verified that this
does not affect device stability by measuring the phase and magnitude
response at the RF resonance frequency over time. More details on the
observed hysteresis and varactor stability at millikelvin temperatures
are provided in the Supplementary Information Section IV.

Optimizing signal-to-noise ratio
The ability to tune the impedance of the RF reflectometry read-out
set-up with the varactor tuning circuit allows optimization of the

measured SNRs and therefore of the achievable charge or capacitance
sensitivity. This can be understood by considering the expected SNR:
SNR = a—FAX 2& o))
T lax ) Py
where AX canbeeither AR, achangein the effective device resistance,
or AC,achangein device capacitance (or potentially both) and P. and
Py arethe applied RF carrier power at the input of the tuning circuit and
the noise power added to the signal, respectively”. In our measurement
set-up, the noise isdominated by the low-temperature amplifiersin the
amplification chainand can be expressed as Py = k; Ty Af, where kyis the
Boltzmann constant, T is the noise temperature of the amplifier and
Afisthe equivalent noise-power measurement bandwidth.

The expectedresponse for the reflection coefficient magnitude |
and the SNR as afunction of frequency and matching varactor capaci-
tanceisshowninFig.3afor the experimental parameters and frequency
range relevant for the SQD device and read-out circuit (and similarly
in Fig. 3b for the DQD device). Here we kept the effective varactor
resistance values fixed but show in Fig. 3c how the SNR changes as
these values vary. Two important qualitative features are apparent in
these model calculations that show how device read-out depends on
the matching varactor capacitance C,,,. First, thereflection coefficient
magnitude |/ is sensitively dependent on C,,and impedance matching
is only achieved around a narrow range of the varactor capacitance.
As values of stray capacitances are hard to predict a priori, the ability
to tune the varactor capacitance C,, in situ is key for obtaining per-
fectimpedance matching or to tune the device into a desired over- or
under-coupled regime. Second, the SNR can be optimized by tuning
the device towards impedance matching to maximize 0//0Xinequation
(1), that is, the tuning optimizes the sensitivity of the reflection coef-
ficient with respect tosmall changesin the device parameters ARor AC
(ref. 31). For the circuit parameters used here, which aim to model the
circuit and quantum dot devices described below, the improvement
ofthe SNRwhen C,, is tuned toits optimum valueis about 4-6 dBwhen
compared to having no matching varactor in the read-out circuit (the
SNR value for C,,=0). This is seen in the rightmost plots of Fig. 3a,b.
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Fig. 3| Modelled RF measurement response as a function of varactor
capacitance. a, Left, calculated reflectance magnitude |/ as a function of
frequency and C,, for the SQD device using the circuit described in the text. The
line graph shows the corresponding trace at a frequency f=173.5 MHz (inset,
same graph on decibel scale). Right, calculated SNR as a function of frequency
and matching capacitance C,, for the SQD device using the experimental
parameters and P. =-110 dBm. b, Left, calculated reflectance magnitude |/] as
afunction of frequency and matching capacitance C,, for the DQD device using

the circuit described in the text. The line graph shows the corresponding trace at
afrequency f=572.4 MHz (inset, same graph on decibel scale). Right, calculated
SNRas a function of frequency and matching varactor capacitance C,, for the
DQD device using the experimental parameters and P. = -105 dBm. ¢, Contour
plot showing the maximum SNR observed in the DQD SNR plots calculated for
arange of the effective series resistances R,,and R;between 0 and 8 Q. Theline
scan shows the SNR along the dashed black line in the contour plot. The white dot
indicates the varactor resistance values used in the calculations.

Theimprovementinthe SNR canbe increased further by reducing the
varactor losses, as shownin Fig. 3c. Efforts to this effect are described
in Conclusions.

We further note that minimizing the background reflectance as the
deviceis tuned towardsimpedance matching has the additionalimpor-
tant benefit that it enables us to optimize the use of ultra-low-noise
amplifiers, such asJPAs, in the amplification chain. This type of ampli-
fier is easily saturated (typically around input powers of -120 dBm
for a gain of 20 dB). Minimizing |/ using the varactors allows us to
increase the threshold carrier power that canbe applied before the JPA
saturates, therefore maximizing Pc/Pyin equation (1) and thus further
improving the SNR.

SQD charge sensitivity

To demonstrate the relevance of impedance matching using SrTiO,
varactors forimproving RF read-out, we measure the charge sensitiv-
ity of acarbon nanotube quantum dot at 7= 6 mK, asshownin Fig. 4a.
For these measurements we set the back-gate voltage to the steepest
slope of a conductance peak (indicated by the asterisk in the inset of
Fig. 4a) and modulate the back-gate voltage with a small sinusoidal
voltage V,,,=10 puV and modulation frequency f,, = 520 Hz. This gate
modulation and corresponding changes in the nanotube resistance
AR cause an amplitude modulation of the carrier signal. In the power
spectrum of the reflected signal shown in Fig. 4b, this results in side-
bandsat carrier frequencyf, t f,.. The SNRis then determined from the
height of the sidebands with respect to the noise floor and measured
for arange of varactor voltages and RF carrier powers.

Theresults of these measurements areillustrated in Fig. 4c, which
showsthe SNR as afunction of applied carrier power for three different
settings of the matching varactor with V,, =14V, the voltage corre-
spondingto perfectimpedance matching for this measurement. For all
V. curves, the SNRfirstincreases withincreasing carrier power, consist-
entwithequation (1). For large applied powers, the SNR decreases again
due to the onset of nonlinearity of the device resistance at a conduct-
ance peak and the resulting power broadening by the RF carrier signal™.

The results are consistent with the expected effect of the varactor to
changethe dI/0R terminequation (1), which, onalogarithmic decibel
scale, appear as fixed offsets for different V,,independent of carrier
power, asseenin Fig. 4c.

The SNR results in the linear-response regime can also be com-
paredto the simulations for this device shown in Fig. 3a, which model
theSNRresponse for an RF carrier power P,=-110 dBm and resistance
modulation AR =500 kQ at the Coulomb resonance. Although a precise
quantitative comparison is complicated by the simultaneous change
ofthe varactor capacitance and effective resistance with V,,, both the
absolute values of the SNR observed at P,=-110 dBm (indicated by
the arrow in Fig. 4c) and the SNR change with varactor voltage are in
good agreement with the model calculations. More specifically, the
experimental results show that the SNRimproves by about 4-6 dB by
tuning the device towards impedance matching using the varactors.

The importance of being able to tune the resonator matching
conditionsisalso apparentinFig.4d where we plot the corresponding
results for the charge sensitivity g, which is related to the SNR using
the following relation’:

_ AGrms

B 10SNR/20\[2Af @
where Af=3.4 Hz is the resolution bandwidth used here and Agq,.,,; is
the gate charge induced by the oscillating voltage on the back gate.
Thelatteris obtained from V,,,;and the known gate capacitance C,= e/

V,, where eis the electron charge and AV, is the gate voltage differ-
ence between two Coulomb blockade conductance peaks as shown
in the graph of Fig. 4a. For our carbon nanotube quantum dot, this
yields Ag, s = 2.4 x 10*e. Each data point in Fig. 4d corresponds to the
charge sensitivity obtained for a different varactor voltage V,,and a
carrier power P,=-99 dBm, which is the approximate power at which
the SNR peak occurs (Fig. 4c). We observe an excellent minimum charge
sensitivity 6g = 4.8 pe Hz > when the device is tuned towards imped-
ance matchingat V=14 V.
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circuit. The scanning electron micrograph shows the carbon nanotube quantum
dot device embedded in the circuit. The inset shows the measured d.c. current
I,sbetween the source and drain electrode as a function of back-gate voltage V.
forabias voltage V,,0f 50 pV applied using a bias tee not shown in the schematic.
b, Reflected power (P,) spectrum close to matching showing the RF carrier

signal at f, and sidebands resulting from a back-gate voltage modulation with
frequencyf,, =520 Hz. The SNRis obtained from the height of the sidebands
with respect to the noise background asindicated. ¢, SNR as a function of
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cmeasured at -99 dBm. The read-out is tuned from the under-coupled (U-C)

to the over-coupled (O-C) regime through perfectimpedance matching. The
best sensitivities are observed here for V,, =14 Vwhen the device isimpedance
matched. e, The resonance frequency and impedance matching can be
independently tuned using appropriate combinations of V;and V,, asindicated.
f, Phase response as a function of magnetic field with the varactors tuned to
impedance matching. No change is observed in the resonance frequency or
matchingoverarangeof 9 T.

Frequency tuning and magnetic field insensitivity
For operation in a reflectometry set-up, it is important to be able to
tuneboth theresonant frequency and impedance matchingindepen-
dently. This ability is demonstrated in Fig. 4e where we operate both of
the SrTiO; varactors. Wefirst use V;to set the resonant frequency, fol-
lowed by applying a suitable voltage on V,, to obtain perfect matching.
Using the two varactors, we are able to set both the resonant fre-
quencies and obtain impedance matching in a frequency window
between 167 MHz and 182 MHz for control voltages V;and V,, <50 V.
The obtained frequency shiftis larger than the bandwidth of the reso-
nances, which is relevant in applications for which multiplexing is
important. Additionally, we tested the magnetic field dependence
of the SrTiO, varactors as shown in Fig. 4f for the phase response. No
changeis observed over the measurement range up to9 T for both the
resonance frequency and matching. Thisisimportant for applications
inwhich a magnetic field is used to tune device characteristics, such
as spin-based quantum information processing. Using SrTiO, varac-
tors, any variation in the measured amplitude or phase can then be
confidently attributed to the tested devices rather than changes in
the matching or detection circuit.

DQD capacitance sensitivity

The varactors also allow optimization of RF reflectometry read-out
of DQD devices, which are of interest as charge or singlet-triplet spin
qubits. To demonstrate this, we measured a carbon nanotube DQD
coupled to asingle source electrode and controlled by two separate
gate electrodes asillustrated in Fig. 5. For a DQD geometry, charge
transitions—for example, the ability of an electron to move between
thesource and left quantumdot, or between quantum dots, inresponse
toanapplied voltage—canbe understood, or modelled, as an effective
(quantum) capacitance ACrather thanresistance, assuming the tunnel
rateis larger than the RF drive frequency’. In Fig. 5a charge transitions

betweenthesource electrode and left quantum dot are labelled ‘A’ and
those between the two quantum dots are labelled ‘B’.

For the RF reflectometry measurements on the DQD device, we
used the same varactors as for the SQD device. However, as the DQD
device has been fabricated on an undoped Si/SiO, substrate, its para-
sitic capacitance C, = 0.27 pFis substantially lower as compared to that
ofthe SQD device where itis dominated by the degenerately doped sub-
strate. We furthermore used a different chip inductor withinductance
L =220 nH,yieldingaresonance frequencyinthe 570-580 MHz range.
These values were chosensuch that the resonator frequency is compat-
iblewiththe use of aJPA additionally incorporated in the set-up, which
operatesin thisfrequency range'®. Asis evident fromthe simulationsin
Fig.3b, to tune the device through matching now requires amatching
capacitance in the 5-15 pF range. To achieve this with the same varac-
torsasused for the measurements on the SQD device, we additionally
placed afixed C, = 20 pF capacitorin series with the matching varactor
such that the effective C,, is reduced accordingly. This allows imped-
ance matching (inset of Fig. 5a) in which the resonator response was
measured atafrequency of 572.4 MHz and tuned using V,,. We note that
in these experiments the importance of the varactors is two-fold: to
optimize d//0C and to minimize the background reflectance, allowing
us tomaximize the P./Py ratio whenincorporating ultra-low-noise JPAs
inthe amplification chain.

The optimization of our read-out using the varactors allows fast
read-outand state-of-the-art capacitance sensitivities, which isrequired
for quantuminformation processing applications. Thisis demonstrated
in Fig. 5 by using a filter time constant on the demodulation circuit of
1pssuchthatstability diagrams are obtained on millisecond timescales.
For these ‘video mode’ measurements™, rather than using sidebands
in the power spectrum (as in Fig. 4), we instead extract the SNRs from
the measurement of (AV, /0)2 where AV, is the measured voltage at the
charge transition with respect to the background signal and o the
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Fig. 5| DQD RF measurements. a, Simplified schematic of the RF detection
circuit of the DQD device, which includes a JPA as the first-stage amplifier.
Theinset shows the measured DQD charge stability diagram as a function of
plunger gate voltages V;, and V,,. The line trace shows the measured reflectance
magnitude |/ as a function of matching varactor voltage V,, for a frequency
f.=572.4 MHz measured in aregime where transport is Coulomb blockaded.

b, Part of the DQD stability diagram as indicated by the white dashed lines in
a.Theleft plot shows the measured signal amplitude V, for P. =-105 dBm with
theJPA off (not pumped), and the right plot shows the same measurement with
the JPA on (pumped), which greatly increases the SNR. The line traces show V, as
measured along the white dashed lines in the figures.

standard deviation of the background when the device is Coulomb
blockaded (seeline scansinFig.5b). We obtain an SNR of 14 dB for transi-
tion Awithout theJPA (left plot) and an SNR of 29 dB with the JPA (right
plot). The SNRimprovement of 15 dB with the JPA is as expected, given
the difference in noise temperature: T =5 K without the JPA and
Ty =0.15Kwith the JPA (Supplementary Information Section ).

The obtained 29 dB SNR at matching is also consistent with model
calculations of the device in Fig. 3b. Here we modelled transition A
using a capacitance AC = 0.4 fF. This value follows from the relation
AC=(e’a?)/(4ksT.), where a = 0.1+ 0.02 is a lever arm obtained from
the stability diagram that relates voltages on the electrodes to changes
in electrochemical potential of the quantum dot and T, =12 mK is the
electron temperature of the device, which is obtained from using the
quantum dots asa primary thermometer. From the measured SNR, we
can calculate the obtained capacitance sensitivity:

AC

C=——— 3)
10SNR/20\[2Af

where we use the quantum capacitance AC = 0.4 fF, as described above,
andinclude Af= 78 kHz, the equivalent noise-power bandwidth for our
read-out (see Supplementary Information Section I for details). For the
measured SNR of 29 dB this yields a state-of-the-art 6C = 0.04 aF Hz 2,
Here, the RF carrier power P =-105 dBm was chosen to optimize the
SNR without resulting in any major power broadening, yielding an
estimated RF voltage across the transition of ~4-6 pV. To put the capaci-
tance sensitivity into context, the states of a singlet-triplet qubit can
be distinguished by their quantum capacitance, whichis typically zero
for the triplet state and finite for the singlet state. If we assume a con-
servative AC= 0.1 fF for thesinglet, the capacitance sensitivity achieved
hereimplies single-shot (SNR =1) spin state read-out on atimescale of
about 225 ns, which is many orders of magnitude shorter than typical
spin coherence or relaxation times.

Conclusions

We have reported that SrTiO; varactors can work effectively at the
millikelvin temperature range and can be used in RF reflectometry of
solid-state quantumdevices. The ability of varactors to tune resonator
frequencies in situ allows for scalable multiplexed quantum architec-
tures, reducing the number of connections and wiring needed. At the
same time, varactor impedance matching greatly improves read-out
sensitivity, as we demonstrated for the read-out of SQD and DQD
devices. While using the varactors resulted in animprovement in the
measured SNRby about4-6 dB, the model calculation shownin Fig.3c
indicates thereis the potential for even better performance if varactor
losses in the detection circuit can be reduced.

One option is to replace SrTiO; with potassium tantalate
(KTa0,)****. The quantum paraelectric KTaO;, has a loss tangent pre-
dicted tobe two orders of magnitude smaller than that of SrTiO; at tem-
peratures below1K, at the expense of asomewhat lower electric-field
tunability®. Supplementary Information Section Il shows our mil-
likelvin measurements on KTaO, varactors. It shows KTaO, does have
alower electric-field tunability compared to SrTiO; but also has similar
losses, whichis not currently fully understood. One possibility is that
edge effects or surface defects at the electrode interface might be
more important for the varactors used in our work when compared
to much larger KTaO, specimens studied previously, which are typi-
cally of millimetre size. Further study of KTaO; varactors at millikelvin
temperatures of different sizes, geometries and crystal orientations
would be of value.

Finally, we note that our workis readily extendable to other capaci-
tance or frequency ranges. For example, the parallel plate varactor
geometry used here shows capacitance tunability between about 45 pF
and 15 pF, but the design could be customized for different capaci-
tance values using different area sizes or interdigitated electrodes.
We expect the varactors could be made to operate in the gigahertz
frequency range, ultimately being limited by the soft optical mode
phonon frequency™.

Methods

SrTiO; and KTaO, varactor fabrication

Theback sides of 3 x 3 mm?single-crystal (001) TiO,-terminated stron-
tium titanate or single-crystal (100) potassium tantalate substrates
(all 0.5 mm thick, single-side polished, purchased from SurfaceNet)
are metallized with 5/60 nm of Ti/Au. The top (polished) sides of the
substrates are coated witha double layer of photoresist: LOR10B (~1 pm
thick, baked at 190 °C for 10 min) and S1805 (~0.5 um thick, baked at
115 °C for 1 min). We have used both quartz-chrome photomasks and
direct write photolithography systems to expose pads of various sizes
on the photoresist, varying from 50 to 150 pum, typical dimensions.
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For the quantum dot measurements in the main text, we used square
pads of 120 x 120 pm?. The substrates are developed in MF-26A for 45 s
and the pads metallized with 5/60 nm of Ti/Au. The devices are then
sonicated in Microposit 1165 remover in a heat bath at 80 °C for lift off.

Both the frequency-tuning and impedance-matching varactors
used in the quantum dot measurements are fabricated on the same
substrate and are separated by about 2 mm. The back side of the varac-
torssubstrates are directly connected to a printed-circuitboard (PCB)
using silver paste and annealed for 5 min at 120 °C to ensure good
conductance. The varactor pads onthe top side arebonded to the PCB
using Auwires of 25 um diameter. The PCBis enclosed in abrass sample
holder connected to a cold finger at the mixing chamber of a dilution
refrigerator. Subminiature push-on connectors onthe PCB are used to
connect to the coaxial measurement lines.

Carbon nanotube device fabrication

Single-wall carbon nanotubes were grown by chemical vapour deposi-
tionon degenerately doped SiO, substrates terminated witha280 nm
dry thermal oxide. The room temperature resistivity of the Si wafers
for the SQD and DQD devicesis p<1.5mQcmand p >4,000 Q cm,
respectively. The carbon nanotubes were distributed at a concentra-
tion of approximately one nanotube per 20 pm? on the substrate.
Device fabrication consisted of two electron-beam lithography and
metal evaporation stages using 5% (by weight) of 495K polymethyl
methacrylate dissolved in anisole as a resist. During the first stage,
alignment marks and bond pads were fabricated on the substrates using
5/60 nm of Ti/Au. The carbon nanotubes were subsequently located
with respect to the alignment marks using atomic force microscopy.
During the second lithography stage, the source and drain electrodes
were defined using 5/60 nm of Ti/Au. A wedge bonder is used to con-
nect the various bond pads of the device to the sample holder using Au
wires of 25 umin diameter.

Experimental methods

Experiments were carried outinadry dilutionrefrigerator with abase
temperature of 6 mK. The measurement circuit included several d.c.
lines which were thermally anchored and extensively filtered at various
temperature stages withad.c. filter time constant of ~3 kHz, yielding
acarbonnanotube electron temperature of ~12 mK. The RF detection
circuit was connected to the device, as shown in the schematicsin the
main text. Bias tees allowed for both RF and d.c. signals to be applied
to the device source electrode and varactors (see Supplementary
Information Section Il for a photograph of the assembled circuit). The
reflected RF signals were measured with a vector network analyser
and a high-frequency lock-in amplifier (Zurich Instruments UHFLI).
Further details are provided in Supplementary Information Section I.

Data availability
The data thatsupportthe findings of this study are available via Zenodo
athttps://doi.org/10.5281/zenodo.12511105 (ref. 37).

References

1. Schoelkopf, R. J., Wahlgren, P., Kozhevnikov, A. A., Delsing, P. &
Prober, D. E. The radio-frequency single-electron transistor
(RF-SET): a fast and ultrasensitive electrometer. Science 280,
1238-1242 (1998).

2. Aassime, A., Johansson, G., Wendin, G., Schoelkopf, R. J. &
Delsing, P. Radio-frequency single-electron transistor as readout
device for qubits: charge sensitivity and backaction. Phys. Rev.
Lett. 86, 3376-3379 (2001).

3. Brenning, H., Kafanov, S., Duty, T., Kubatkin, S. & Delsing, P. An
ultrasensitive radio-frequency single-electron transistor working
up to 4.2 K. J. Appl. Phys. 100, 114321 (2006).

4. Cassidy, M. C. et al. Single shot charge detection using a radio-
frequency quantum point contact. Appl. Phys. Lett. 91, 222104 (2007).

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Reilly, D. J., Marcus, C. M., Hanson, M. P. & Gossard, A. C. Fast
single-charge sensing with a RF quantum point contact.

Appl. Phys. Lett. 91, 162101 (2007).

Petersson, K. D. et al. Charge and spin state readout of

a double quantum dot coupled to a resonator. Nano Lett. 10,
2789-2793 (2010).

Chorley, S. J. et al. Measuring the complex admittance of

a carbon nanotube double quantum dot. Phys. Rev. Lett. 108,
036802 (2012).

Jung, M., Schroer, M. D., Petersson, K. D. & Petta, J. R. Radio
frequency charge sensing in InAs nanowire double quantum
dots. Appl. Phys. Lett. 100, 253508 (2012).

Colless, J. I. et al. Dispersive readout of a few-electron

double quantum dot with fast RF gate sensors. Phys. Rev. Lett. 110,
046805 (2013).

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

Harabula, M.-C. et al. Measuring a quantum dot with an
impedance-matching on-chip superconducting LC resonator

at gigahertz frequencies. Phys. Rev. Appl. 8, 054006 (2017).
Ahmed, I. et al. Radio-frequency capacitive gate-based sensing.
Phys. Rev. Appl. 10, 014018 (2018).

Hasler, T. et al. Shot noise of a quantum dot measured

with gigahertz impedance matching. Phys. Rev. Appl. 4,
054002 (2015).

Pozar, D. M. Microwave Engineering 4th edn (Wiley, 2012).

Mdiller, T. et al. A circuit analysis of an in situ tunable radio-
frequency quantum point contact. Rev. Sci. Instrum. 84,

083902 (2013).

Simbierowicz, S. et al. A flux-driven Josephson parametric
amplifier for sub-GHz frequencies fabricated with side-wall
passivated spacer junction technology. Supercond. Sci. Technol.
31,105001 (2018).

Hornibrook, J. M. et al. Frequency multiplexing for readout of spin
qubits. Appl. Phys. Lett. 104, 103108 (2014).

Miiller, T. et al. An in situ tunable radio-frequency quantum point
contact. Appl. Phys. Lett. 97, 202104 (2010).

Hellmiller, S. et al. Optimization of sample-chip design for
stub-matched radio-frequency reflectometry measurements.
Appl. Phys. Lett. 101, 042112 (2012).

House, M. G. et al. High-sensitivity charge detection with a
single-lead quantum dot for scalable quantum computation.
Phys. Rev. Appl. 6, 044016 (2016).

Ares, N. et al. Sensitive radio-frequency measurements of a
quantum dot by tuning to perfect impedance matching.

Phys. Rev. Appl. 5, 034011 (2016).

Ibberson, D. J. et al. Low-temperature tunable radio-frequency
resonator for sensitive dispersive readout of nanoelectronic
devices. Appl. Phys. Lett. 114, 123501 (2019).

Saifi, M. A. & Cross, L. E. Dielectric properties of strontium titanate
at low temperature. Phys. Rev. B2, 677-684 (1970).

Sakudo, T. & Unoki, H. Dielectric properties of SrTiO; at low
temperatures. Phys. Rev. Lett. 26, 851-853 (1971).

Neville, R. C., Hoeneisen, B. & Mead, C. A. Permittivity of strontium
titanate. J. Appl. Phys. 43, 2124-2131(1972).

Rowley, S. E. et al. Ferroelectric quantum criticality. Nat. Phys. 10,
367-372 (2014).

Davidovikj, D. et al. Quantum paraelectricity probed by
superconducting resonators. Phys. Rev. B 95, 214513 (2017).
Vendik, O. G., Ter-Martirosyan, L. T. & Zubko, S. P. Microwave
losses in incipient ferroelectrics as functions of the temperature
and the biasing field. J. Appl. Phys. 84, 993-998 (1998).
Gevorgian, S. Ferroelectrics in Microwave Devices, Circuits,

and Systems 4th edn (Springer, 2009).

Nature Electronics | Volume 7 | September 2024 | 760-767

766


http://www.nature.com/natureelectronics
https://doi.org/10.5281/zenodo.12511105

Article

https://doi.org/10.1038/s41928-024-01214-z

30. Caviglia, A. D. et al. Electric field control of the LaAlO4/SrTiO,
interface ground state. Nature 456, 624-627 (2008).

31. Vigneau, F. et al. Probing quantum devices with radio-frequency
reflectometry. Appl. Phys. Rev. 10, 021305 (2023).

32. Stehlik, J. et al. Fast charge sensing of a cavity-coupled double
quantum dot using a Josephson parametric amplifier. Phys. Rev.
Appl. 4, 014018 (2015).

33. Krupka, J., Geyer, R. G., Kuhn, M. & Hinken, J. H. Dielectric
properties of single crystals of Al,O;, LaAlO;, NdGaO;, SrTiO,,
and MgO at cryogenic temperatures. IEEE T. Microw. Theory 42,
1886-1890 (1994).

34. Tagantsev, A. K., Sherman, V. O., Astafiev, K. F., Venkatesh,

J. & Setter, N. Ferroelectric materials for microwave tunable
applications. Jo. Electroceram. 11, 5-66 (2003).

35. Geyer, R. G., Riddle, B., Krupka, J. & Boatner, L. A. Microwave
dielectric properties of single-crystal quantum paraelectrics
KTaO, and SrTiO, at cryogenic temperatures. J. Appl. Phys. 97,
104111 (2005).

36. Worlock, J. M. & Fleury, P. A. Electric field dependence of
optical-phonon frequencies. Phys. Rev. Lett. 19, 1176 (1967).

37. Buitelaar, M. R. Data for ‘Quantum paraelectric varactors for
radiofrequency measurements at millikelvin temperatures’.
Zenodo https://doi.org/10.5281/zenodo.12511105 (2024).

Acknowledgements

We thank C. Schénenberger for access to carbon nanotube growth
facilities and P. Zubko and M. Hadjimichael for providing the SrTiO,
crystals and help with photolithography, respectively. We gratefully
acknowledge funding from the European Research Council (ERC),
Consolidator grant agreement no. 648229 (CNT-QUBIT). The VTT
authors, VV., S.S. and J.H., acknowledge support by the Research
Council of Finland through grant no. 321700 and through its Centres
of Excellence programme under grant nos. 336817 and 336819; in the
context of the Josephson parametric amplifier, they also thank

H. Pohjonen for help with lithographic masks, L. Gronberg for
clean-room fabrication and P. Holmlund for sample preparation.
A.B. is thankful for financial support by the Swiss Nanoscience
Institute (SNI) and the Swiss National Science Foundation.

Author contributions

P.A., B.JV.and J.M.P. fabricated the varactor and carbon nanotube
devices and conducted the experiments under M.R.B.'s supervision.
P.A., B.JV., JM.P, J.FC.-W. and M.R.B. analysed the data. Single-wall

carbon nanotubes were grown by chemical vapour deposition by A.B.
The JPAs in the read-out circuit were designed and fabricated by V.V.,
S.S. and J.H. The manuscript was written by P.A., B.JV. and M.R.B.,
with comments from all authors.

Competinginterests

University College London has filed patent applications related
to this technology: EP3997722 (Europe) and US20220351911A1
(US) by P.A., B.JV. and M.R.B. The other authors declare no
competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41928-024-01214-z.

Correspondence and requests for materials should be addressed to
M. R. Buitelaar.

Peer review information Nature Electronics thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Electronics | Volume 7 | September 2024 | 760-767

767


http://www.nature.com/natureelectronics
https://doi.org/10.5281/zenodo.12511105
https://doi.org/10.1038/s41928-024-01214-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Quantum paraelectric varactors for radiofrequency measurements at millikelvin temperatures

	Matching network and device

	Impedance matching and frequency tuning

	Optimizing signal-to-noise ratio

	SQD charge sensitivity

	Frequency tuning and magnetic field insensitivity

	DQD capacitance sensitivity

	Conclusions

	Methods

	SrTiO3 and KTaO3 varactor fabrication

	Carbon nanotube device fabrication

	Experimental methods


	Acknowledgements

	Fig. 1 Schematic of the RF detection circuit.
	Fig. 2 SrTiO3 varactor characterization.
	Fig. 3 Modelled RF measurement response as a function of varactor capacitance.
	Fig. 4 SQD RF measurements.
	Fig. 5 DQD RF measurements.




