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Quantum computing has emerged as a promising technology for next-generation information processing, utilizing semi-
conductor quantum dots as one of the candidates for quantum bits. Radio-frequency (rf) reflectometry plays an impor-
tant role in the readout of quantum dots but requires a precise rf measurement technique at cryogenic temperatures.
While cryogenic calibration techniques, essential for rf reflectometry, have been developed, on-board calibration near
the device remains an important challenge. In this study, we develop an on-board calibrated rf measurement system
operating at 4 K for characterizing SrTiO3-based varactors, which are promising components for tunable impedance
matching circuits. Our system enables accurate measurements by eliminating errors associated with long rf circuit
lines. We investigate the effects of annealing conditions, crystal orientation, and Ca doping of SrTiOs crystals on
the varactor properties in the frequency range for rf reflectometry. Our results provide insights for optimizing these
components for cryogenic rf applications in quantum information processing systems.

»3 Quantum computers have attracted attention as next-
2« generation information processing systems. Semiconductor
»s quantum dots are considered one of the promising candidates
2 for their essential building blocks, quantum bits (qubits)!?.
27 Radio frequency (rf) technologies play an important role
in controlling® and reading*® the states of semiconductor
2 qubits. Since semiconductor quantum dots operate at cryo-
genic temperatures, various components of the rf circuits must
a1 be placed on the cryogenic stages of the refrigerator. These
32 components are required to exhibit their expected character-
33 istics in the driving frequency range under cryogenic condi-
s tions”!0, While it is crucial to evaluate their characteristics
3 at cryogenic temperature, many commercial components are
supplied with their datasheets calibrated at room temperature
or over 100K. Moreover, calibration techniques inside the
refrigerator are not yet well established, which means many
commercial components cannot promise their functionality at
cryogenic temperatures. The performance of rf components
at cryogenic temperatures can be verified through functional
circuits including quantum devices. This leads to a challenge
for designing measurement systems when components show
unexpected behavior under cryogenic conditions.
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ss  To address this issue, several calibration techniques have
s been developed using a coaxial switch that operates over a
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wide temperature range, from cryogenic to room tempera-
tures!'=21. These techniques perform calibration at the end
of the circuit where the components will be placed for accu-
rate characterisation, using a coaxial switch to toggle between
calibration standards and the device under test. For exam-
ple, a calibrated rf measurement of up to 26.5 GHz has been
reported using this system?, enabling the evaluation of a cir-
culator’s characteristics at cryogenic temperatures. These ad-
vances highlight the growing demand for calibrated measure-
ment systems at cryogenic temperatures, as they are important
for the reliable characterization of components in their actual
operating environment.

For semiconductor quantum dots, rf reflectometry is a well-
established measurement technique commonly referred to as
broadband measurement*%22, This method employs an LC
resonator including quantum dots, where capacitance plays
an important role in determining the resonator characteris-
tics. This resonator transforms a device resistance into 50 Q
to satisfy an impedance matching condition with the rf cir-
cuit line. While rf reflectometry has been applied to quan-
tum dots in some material systems such as GaAs, Si?3, and
Zn0O?** owing to various efforts of engineering, this technique
is still difficult to apply to high-resistance systems such as
silicon metal oxide semiconductor-based quantum dots>>-2¢
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FIG. 1. (a) Experimental setup of the calibrated measurement system utilizing HEMT switches on a PCB to divide circuit lines between
calibration and measurement ports. (b) Smith charts for open, short, and load conditions at the PCB calibration port while calibrated at the
vicinity of the VNA. (c) Smith charts after calibration at the PCB port, showing ideal responses for all conditions.

7 and two-dimensional materials like graphene®’—* due to their
72 high contact resistance’!. Varactor capacitors, externally con-
73 trolled capacitors, are expected to optimize the resonator char-
74 acteristics even when we employ high-resistance systems, en-
75 abling high-sensitivity reading3>33.

7 Strontium titanate (SrTiO3z) has emerged as a promising
77 candidate for cryogenic varactor materials. It is a quantum
78 paraelectric material that maintains a high dielectric constant
70 at cryogenic temperatures without transitioning to a ferroelec-
w0 tric state®®, making it ideal for tunable capacitive applica-
a1 tions. While previous studies have demonstrated its potential
% as a varactor>>, including its robustness to magnetic fields>,
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its dielectric properties at cryogenic temperature have only
been experimentally evaluated at frequencies much lower than
those typically used in rf reflectometry>* or specific frequency
of a resonator’. To evaluate rf-dependent characteristics of
the varactor, we should calibrate on a printed circuit board
(PCB). On-board calibration defines the reference plane close
to surface-mounted components on the PCB, enabling accu-
rate evaluation that would be difficult with conventional coax-
ial switch-based setups''~?!. In this study, we develop an on-
board cryogenic calibration circuit to evaluate the properties
of SrTiO3-based varactors in the radio frequency regime.

Figure 1(a) shows an experimental setup of our calibrated

2
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o0 250 500
Frequency (MHz)

Frequency (MHz)

FIG. 2. (a) Smith chart for a 15 pF capacitor with frequency sweep
from 1 to 500 MHz. (b) Frequency dependence of the calculated
capacitance from the Smith chart.

os measurement system. We use high electron mobility transis-
o tor (HEMT) switches on the PCB to divide circuit lines to
o7 calibration and measurement ports. The calibration circuit is
s constructed by open, short, and load ports, which are also di-
o vided by HEMT switches. A circuit length from the vector
100 network analyzer (VNA) to the PCB is approximately 3 m.
w1 This coaxial cable length affects the measurement accuracy
102 due to frequency-dependent phase shifts. These circuit line
13 effects would introduce errors in the characterization of com-
104 ponents at cryogenic temperatures, especially at higher fre-
105 quencies where wavelengths become comparable to the cir-
106 cuit scales. Furthermore, a reference plane is set close to the
107 measurement port to enable a more accurate evaluation. Fig-
108 ure 1(b) shows Smith charts under open, short, and load con-
o ditions at the PCB calibration port while they are calibrated
uo in the vicinity of the VNA. All conditions show unexpected
w trajectories with sweeping the frequency ranging from 1 MHz
12 to 1 GHz. After calibration using the PCB calibration port,
13 we observe ideal results with all conditions as illustrated in
us Fig. 1(c). This calibration is also useful at cryogenic temper-
us atures. We confirm that multiple resistors of the same model
16 used for the load standard are approximately 49.2 to 49.5Q
u7 at 4 K. This deviation from the nominal 50 Q corresponds to
us a reflection coefficient error of less than 0.8%. Therefore, we
ue believe that the accuracy of the calibration is preserved even
120 at cryogenic temperatures.

121 As a reference, we measure a capacitor with a known ca-
122 pacitance of 15 pF at 4 K. Figure 2(a) shows the Smith chart
123 with sweeping the frequency ranging from 1 to 500 MHz. The
4 trajectory of normalized impedance appears along the 50 Q
125 circle in the lower region, indicating a capacitive component.
126 From the Smith chart, we obtain a frequency dependence of
127 the capacitance value as shown in Fig. 2(b). Owing to our cal-
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FIG. 3. (a) Schematic illustration of the varactor structure with a
Ti/Au circular electrode deposited on a SrTiO3 crystal. (b) Top view
optical image of a typical device with dimensions of approximately
1 mm. Frequency dependence of capacitance for (c) un-annealed and
(d) annealed (110) SrTiO3 devices at 4 K under various gate volt-
ages. Gate voltage dependence of capacitance at 200 MHz for (e)
un-annealed and (f) annealed devices.

126 ibration system, the capacitance is evaluated to be 15 pF and
120 mMaintains its value across the entire frequency range. This fre-
130 quency range covers that typically used in rf reflectometry for
131 resistive readout?”.

122 Figure 3(a) illustrates the structure of the SrTiO3-based var-
133 actor. Here, SrTiO3 single crystals are grown by the Verneuil
134 process (Shinkosha Co.). A Ti/Au layer is deposited on a
135 SrTiO3 crystal and processed into a circular electrode with
16 a diameter of 200 um by photolithography. A top view of a
17 typical device is shown in Fig. 3(b). We shape devices into
138 squares with dimensions of approximately 1 mm.

130 At first, we prepare two devices, where one is annealed for
1o 30h at 1250 °C in the air environment with thickness d of
11 330 um and the other is not annealed with d of 260 um. Both
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crystals have the (110) orientation and are not Ca-doped. Fig-
ures 3(c) and (d) show the frequency dependences of the ca-
pacitance from our calibrated measurement at 4 K. For the de-
vice without annealing, the capacitance remains almost con-
stant with frequency up to 250 MHz under all gate voltage
Vg conditions. The device with annealing shows larger ca-
pacitance than that of the un-annealed one, even though it
is thicker. Annealing is considered to fill the residual oxy-
gen vacancy and thus exhibit a higher dielectric constant’.
Note that the capacitance of the annealed device appears to
decrease with increasing frequency. One of the possible rea-
sons of this decay might result from the difference between
the actual value of series resistance to the capacitor and the
reference value of 50 Q. The total impedance of the mea-
surement port can be described as R+ 1/jwC, where R is
the series resistance, j the imaginary unit, and C the capaci-
tance of the device. When this actual resistance deviates from
the 50 Q reference used in the calculation, the calculated ca-
pacitance value is underestimated at higher frequencies where
the resistive component is dominant over the total impedance.
Therefore, such underestimation is more pronounced in the
higher capacitance region shown in Fig. 3(d), consistent with
our model. Even after considering this scenario, intrinsic fre-
quency dependence still appears to remain. Further investiga-
tions are necessary to understand this decay in detail.

We extract the capacitance values at 200 MHz, typically
used in rf reflectometry, and show the V; dependence of both
devices in Figs. 3(e) and (f). Both cases show clear V; modula-
tion without noticeable hysteresis during roundtrip sweeping,
which is attributed to the SrTiO3 remaining in the paraelectric
state at cryogenic temperature. The peak of the capacitance
shows an offset from zero bias due to the asymmetric top and
back electrodes as we employ Ag paste on the back of the de-
vice to be grounded. Therefore, the difference in work func-
tions between the Ti/Au top electrode and Ag back electrode
creates an effective internal electric field®’, causing the offset.

In order to investigate the potential of SrTiO3 varactors in
the rf frequency region, we measure the crystal orientation
and Ca doping dependence. For a fair comparison account-
ing for device geometry, especially the substrate thickness, we
perform simulations using COMSOL Multiphysics® to con-
vert the measured capacitance C to relative permittivity &, as
shown in Fig. 4(a). Using these calculated relationships, we
compare & between devices with SrTiO3 (110), StTiO3 (111),
and Ca-doped SrTiO3 (110). Here, the thickness d of the
non-doped devices is 310 um while that of the doped one is
600 um, and the doped Ca concentration is 0.0015. Note that
the Ca-doped device is grown by the floating zone method and
annealed for 30 h at 1350 °C in an Ar/H, environment, while
non-doped devices at 1250 °C in air. Figure 4(b) summarizes
the V,;, dependence of the & of each device. The device with
the non-doped (110) crystal exhibits higher & values com-
pared to the (111) crystal, consistent with previous reports on
the anisotropic dielectric properties of StTiO3%*°. Regarding
the effect of Ca doping, we observe that the Ca-doped device
shows reduced & values compared to its non-doped counter-
part. This reduction might result from oxygen vacancies and
interfacial dielectric characteristics between the substrate and
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FIG. 4. (a) The relationships between the capacitance and relative
permittivity for different substrate thicknesses, estimated by COM-
SOL simulation. (b) Gate voltage dependence of the relative permit-
tivity for devices with different crystal orientations (110), (111), and
Ca doping.

Ag paste, whereas an enhancement in & would be expected at
low frequencies*’. We also observe slight hysteresis during Ve
sweeping, suggesting a ferroelectric transition at this doping
concentration and temperature.

In this study, we have developed the on-board calibrated
radio-frequency measurement system operating at cryogenic
temperatures for the determination of SrTiOsz-based varac-
tor properties. Our calibration technique, utilizing HEMT
switches on a PCB, enables accurate impedance measure-
ments directly at the device location at 4 K, eliminating errors
associated with long transmission lines. Our setup provides
reliable capacitance values across the frequency range using
rf reflectometry. By using this system, we have investigated
dependencies on annealing conditions, crystal orientation, and
Ca doping effects of SrTiO3z varactors. These findings con-
tribute to the understanding of SrTiO3z-based varactors in the
rf frequency range at cryogenic temperatures, providing es-
sential insights for their application in quantum device mea-
surements. The calibration technique developed in this study
can be further applied to characterize various cryogenic mi-
crowave components such as superconducting inductors, sup-
porting the advancement of quantum information processing
systems.
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APPENDIX: DETAILS OF THE CALIBRATION SETUP

Figure 5 shows the details of our calibration setup on
the PCB. We employ HEMT switches (model: SKY13587-
378LF) and coupling capacitors, and apply individual bias
voltages to each switch for rf signal path control.
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printed-circuit board.

3E H. Koppens, J. A. Folk, J. M. Elzerman, R. Hanson, L. W. Van Beveren,
I. T. Vink, H.-P. Tranitz, W. Wegscheider, L. P. Kouwenhoven, and L. M.
Vandersypen, “Control and detection of singlet-triplet mixing in a random
nuclear field,” Science 309, 1346-1350 (2005).

4H. Qin and D. A. Williams, “Radio-frequency point-contact electrometer,”
Appl. Phys. Lett. 88, 203506 (2006).

SD. Reilly, C. Marcus, M. Hanson, and A. Gossard, “Fast single-charge
sensing with a rf quantum point contact,” Appl. Phys. Lett. 91, 162101
(2007).

6C. Barthel, D. Reilly, C. M. Marcus, M. Hanson, and A. Gossard, “Rapid
single-shot measurement of a singlet-triplet qubit,” Phys. Rev. Lett. 103,
160503 (2009).

TH. Al-Taie, L. Smith, B. Xu, P. See, J. Griffiths, H. Beere, G. Jones,
D. Ritchie, M. Kelly, and C. Smith, “Cryogenic on-chip multiplexer for
the study of quantum transport in 256 split-gate devices,” Appl. Phys. Lett.
102, 243102 (2013).

8L. Howe, M. A. Castellanos-Beltran, A. J. Sirois, D. Olaya, J. Biesecker,
P. D. Dresselhaus, S. P. Benz, and P. F. Hopkins, “Digital Control of a
Superconducting Qubit Using a Josephson Pulse Generator at 3 K,” PRX
Quantum 3, 010350 (2022).

9. Pauka, K. Das, R. Kalra, A. Moini, Y. Yang, M. Trainer, A. Bousquet,
C. Cantaloube, N. Dick, G. Gardner, M. Manifra, and D. Reilly, “A cryo-
genic CMOS chip for generating control signals for multiple qubits,” Nat.
Electron. 4, 64-70 (2021).

191, Grytsenko, S. van Haagen, O. Rybalko, A. Jennings, R. Mohan, Y. Tian,
and E. Kawakami, “Characterization of Tunnel Diode Oscillator for Qubit
Readout Applications,” arXiv:2412.09811 (2024).

1J_H. Yeh and S. M. Anlage, “In situ broadband cryogenic calibration for
two-port superconducting microwave resonators,” Rev. Sci. Instrum. 84
(2013).

121 Ranzani, L. Spietz, Z. Popovic, and J. Aumentado, “Two-port mi-
crowave calibration at millikelvin temperatures,” Rev. Sci. Instrum. 84,
034704 (2013).

13C.R. H. McRae, H. Wang, J. Gao, M. R. Vissers, T. Brecht, A. Dunsworth,
D. P. Pappas, and J. Mutus, “Materials loss measurements using supercon-
ducting microwave resonators,” Rev. Sci. Instrum. 91, 091101 (2020).

“H. Wang, S. Singh, C. R. H. McRae, J. C. Bardin, S.-X. Lin, N. Mes-
saoudi, A. R. Castelli, Y. J. Rosen, E. T. Holland, D. P. Pappas, and J. Y.
Mutus, “Cryogenic single-port calibration for superconducting microwave
resonator measurements,” Quantum Sci. Technol. 6, 035015 (2021).

15M. Stanley, R. Parker-Jervis, S. de Graaf, T. Lindstrom, J. Cunningham,
and N. Ridler, “Validating S-parameter measurements of RF integrated cir-



314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

On-board calibrated radio-frequency measurement at cryogenic temperatures for determination of SrTiO3-based capacitor properties

cuits at milli-Kelvin temperatures,” Electron. Lett. 58, 614 (2022).

165, Simbierowicz, V. Y. Monarkha, S. Singh, N. Messaoudi, P. Krantz, and
R. E. Lake, “Microwave calibration of qubit drive line components at mil-
likelvin temperatures,” Appl. Phys. Lett. 120, 054713 (2022).

7M. Stanley, S. De Graaf, T. Honigl-Decrinis, T. Lindstrém, and N. M. Ri-
dler, “Characterizing Scattering Parameters of Superconducting Quantum
Integrated Circuits at Milli-Kelvin Temperatures,” IEEE Access 10, 43376
(2022).

185, Simbierowicz, V. Monarkha, M. von Soosten, S. Andresen, and R. Lake,
“Calibrated transmission and reflection from a multi-qubit microwave pack-
age,” Rev. Sci. Instrum. 94, 034703 (2023).

197, Pérez-Bailon, M. Tarancén, S. Celma, and C. Sdnchez-Azqueta, “Cryo-
genic measurement of CMOS devices for quantum technologies,” IEEE
Trans. Instrum. Meas. 72, 1-7 (2023).

20T, Arakawa and S. Kon, “Calibrated Two-Port Microwave Measurement up
to 26.5 GHz for Wide Temperature Range From 4 to 300 K,” IEEE Trans.
Instrum. Meas. 72, 1009608 (2023).

21T Arakawa, Y. Kato, and S. Kon, “Determination of microwave mate-
rial properties at cryogenic temperatures,” Appl. Phys. Lett. 126, 024001
(2025).

2g Vigneau, F. Fedele, A. Chatterjee, D. Reilly, F. Kuemmeth, M. F.
Gonzalez-Zalba, E. Laird, and N. Ares, “Probing quantum devices with
radio-frequency reflectometry,” Appl. Phys. Rev. 10, 021305 (2023).

2Y.-Y. Liu, S. Philips, L. Orona, N. Samkharadze, T. McJunkin, E. Mac-
Quarrie, M. Eriksson, L. Vandersypen, and A. Yacoby, “Radio-frequency
reflectometry in silicon-based quantum dots,” Phys. Rev. Appl. 16, 014057
(2021).

24K. Noro, M. Shinozaki, Y. Kozuka, K. Matsumura, Y. Fujiwara, T. Ku-
masaka, A. Tsukazaki, M. Kawasaki, and T. Otsuka, “Charge sensing of
few-electron ZnO double quantum dots probed by radio-frequency reflec-
tometry,” arXiv:2501.04949.

Y. Bohuslavskyi, A. Ronzani, J. Hitinen, A. Rantala, A. Shchepetov,
P. Koppinen, J. S. Lehtinen, and M. Prunnila, “Scalable on-chip multi-
plexing of silicon single and double quantum dots,” Commun. Phys. 7, 323
(2024).

26K Tsoukalas, F. Schupp, L. Sommer, I. Bouquet, M. Mergenthaler, S. Pare-
des, N. Vico Triviio, M. Luisier, G. Salis, P. Harvey-Collard, D. Zumbiihl,
and A. Fuhrer, “Prospects of silicide contacts for silicon quantum electronic
devices,” Appl. Phys. Lett. 125, 013501 (2024).

27, Banszerus, S. Méller, E. Icking, C. Steiner, D. Neumaier, M. Otto,
K. Watanabe, T. Taniguchi, C. Volk, and C. Stampfer, “Dispersive sens-
ing of charge states in a bilayer graphene quantum dot,” Appl. Phys. Lett.
118, 093104 (2021).

357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

28T. Johmen, M. Shinozaki, Y. Fujiwara, T. Aizawa, and T. Otsuka,
“Radio-Frequency Reflectometry in Bilayer Graphene Devices Utilizing
Microscale Graphite Back-Gates,” Phys. Rev. Appl. 20, 014035 (2023).

29M. 7. Ruckriegel, L. M. Gichter, D. Kealhofer, M. Bahrami Panah, C. Tong,
C. Adam, M. Masseroni, H. Duprez, R. Garreis, K. Watanabe, T. Taniguchi,
A. Wallraff, T. Ihn, K. Ensslin, and W. W. Huang, “Electric dipole cou-
pling of a bilayer graphene quantum dot to a high-impedance microwave
resonator,” Nano Lett. 24, 7508-7514 (2024).

30M. Shinozaki, T. Johmen, A. Hosaka, T. Seo, S. Yashima, A. Shirachi,
K. Noro, S. Sato, T. Kumasaka, T. Yoshida, and T. Otsuka, “RFSoC-based
radio-frequency reflectometry in gate-defined bilayer graphene quantum
devices,” arXiv:2502.15239.

3w, Li, X. Gong, Z. Yu, L. Ma, W. Sun, S. Gao, C. Koroglu, W. Wang,
L. Liu, T. Li, H. Ning, D. Fan, Y. Xu, X. Tu, T. Xu, L. Sun, W. Wang, J. Lu,
Z. Ni, J. Li, X. Duan, P. Wang, Y. Nie, H. Qiu, Y. Shi, E. Pop, J. Wang,
and X. Wang, “Approaching the quantum limit in two-dimensional semi-
conductor contacts,” Nature 613, 274-279 (2023).

32N. Ares, F. J. Schupp, A. Mavalankar, G. Rogers, J. Griffiths, G. A. C.
Jones, L. Farrer, D. A. Ritchie, C. G. Smith, A. Cottet, G. A. D. Briggs, and
E. A. Laird, “Sensitive Radio-Frequency Measurements of a Quantum Dot
by Tuning to Perfect Impedance Matching,” Phys. Rev. Appl. 5, 034011
(2016).

3Bp, Apostolidis, B. Villis, J. Chittock-Wood, J. Powell, A. Baumgartner,
V. Vesterinen, S. Simbierowicz, J. Hassel, and M. Buitelaar, “Quantum
paraelectric varactors for radiofrequency measurements at millikelvin tem-
peratures,” Nat. Electron. 7, 760-767 (2024).

3R, Neville, B. Hoeneisen, and C. Mead, “Permittivity of strontium titanate,”
J. Appl. Phys. 43, 2124-2131 (1972).

35R.S. Eggli, S. Svab, T. Patlatiuk, D. A. Triissel, M. J. Carballido, P. Cheva-
lier Kwon, S. Geyer, A. Li, E. P. Bakkers, A. V. Kuhlmann, and D. M.
Zumbiihl, “Cryogenic hyperabrupt strontium titanate varactors for sensitive
reflectometry of quantum dots,” Phys. Rev. Appl. 20, 054056 (2023).

36T. Hoshina, R. Sase, J. Nishiyama, H. Takeda, and T. Tsurumi, “Effect of
oxygen vacancies on intrinsic dielectric permittivity of strontium titanate
ceramics,” J. Ceram. Soc. Japan 126, 263-268 (2018).

371, F. Patai and M. A. Pomerantz, “Contact potential differences,” J. Franklin
Inst. 252, 239-260 (1951).

3K. A. Miiller and H. Burkard, “SrTiO3: An intrinsic quantum paraelectric
below 4 K,” Phys. Rev. B 19, 3593-3602 (1979).

39W. Chang, S. W. Kirchoefer, J. A. Bellotti, S. B. Qadri, J. M. Pond, J. H.
Haeni, and D. G. Schlom, “In-plane anisotropy in the microwave dielectric
properties of SrTiO3 films,” J. Appl. Phys. 98 (2005).

403, G. Bednorz and K. A. Miiller, “Sr;_,Ca,TiO3: An XY Quantum Ferro-
electric with Transition to Randomness,” Phys. Rev. Lett. 52, 2289-2292
(1984).

6



	On-board calibrated radio-frequency measurement at cryogenic temperatures for determination of SrTiO3-based capacitor properties
	Abstract
	Acknowledgments
	AUTHOR DECLARATIONS
	Conflict of Interest
	Author Contributions

	Data Availability Statement
	Appendix: Details of the Calibration Setup


