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SPECIAL TOPIC — Fabrication and manipulation of the second-generation quantum systems
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Conventional four-probe methods for measuring the resistance of Josephson junctions can damage superconducting
thin films, making them unsuitable for frequency measurements of superconducting qubits. In this study, we present a
custom probe station measurement system that employs the fritting contact technique to achieve in sifu, non-destructive
measurements of Josephson junction resistance. Our experimental results demonstrate that this method allows for accurate
prediction of qubit frequency with an error margin of 17.2 MHz. Moreover, the fritting contact technique does not signifi-
cantly affect qubit coherence time or the integrity of the superconducting film, confirming its non-destructive nature. This
innovative approach provides a dependable foundation for frequency tuning and addressing frequency collision issues, thus
supporting the advancement and practical deployment of superconducting quantum computing.

Keywords: non-destructive, fritting contact, qubit frequency, Josephson junction resistance

PACS: 03.67.Lx, 03.67.—a

1. Introduction

Superconducting quantum computing has emerged as a
promising approach for building scalable and fault-tolerant
quantum computers.'!l The key component in superconduct-
ing qubits is the Josephson junction, which allows for the
creation of quantum superposition and entanglement states
essential for quantum computation.!”) However, as the num-
ber of qubits in a system increases, several challenges arise,

B4 readout

including three-dimensional circuit integration,
fidelity,!>! and coherence time.!”:8) Among these challenges,
frequency collisions stand out as a primary obstacle, di-
rectly impacting the selective control of qubits and the fidelity
of two-qubit gates, particularly in fixed-frequency transmon
structures. %1%

Frequency collisions occur due to fabrication errors in the
chip manufacturing process, causing the frequencies of qubits
to deviate from their design values.!'®!3! These deviations lead
to severe frequency collisions, necessitating measurement and
assessment under cryogenic environments, which significantly
consumes cryogenic resources and extends the testing cycle.
Recently, post-processing techniques such as thermal anneal-
ing and laser annealing have shown excellent capabilities in

16-18] making the prediction of qubit

tuning qubit frequencies,!
frequencies at room temperature essential for implementing

these techniques.
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In transmon qubits, the qubit frequency (fq) is determined
by the Josephson junction energy (Ej) and the charging en-
ergy (Ec), satisfying the relation f; o< v/8EjEc.!""! The capac-
itance (Cy) of the qubit, typically taking the form of a coplanar
waveguide capacitor, can be precisely fabricated. However,
the critical current (1) of the Josephson junction, determined
by its small area and barrier thickness, is susceptible to fabri-
cation errors, which significantly contribute to qubit frequency
deviations from the design value.[?°->?1 The relationship be-

tween I, and the Josephson junction resistance (R;) is given

A
2eRy’

the superconducting energy gap. Therefore, by measuring R,

by the Ambegaokar—Baratoff relation I, = where A is
at room temperature, we can estimate fq.

Conventional four-probe methods for measuring the re-
sistance of Josephson junctions involve the probe scrubbing
the film surface, mechanically penetrating the surface oxide
layer and the film, and moving forward to establish a stable
contact.?* This method can leave micron-scale damage in the
qubit capacitor area, potentially affecting the capacitor param-
eters and introducing impurities, which can become sources
of decoherence.!'8! Furthermore, commonly used supercon-
ducting films such as tantalum and niobium are relatively hard
and not easily penetrated;>>2%! this leads to high contact resis-
tance between the probe and the film, resulting in inaccurate
measurements. Consequently, in situ R, measurement using
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traditional methods may lead to measurement inaccuracies and
potential damage to the superconducting film.

To mitigate these issues, researchers often use non-in situ
methods by preparing Josephson junction test structures at the
edge of the superconducting chip to estimate f;.!?’->% This ap-
proach involves fabricating additional test junctions with iden-
tical parameters on the periphery or non-critical regions of the
chip. However, this method has significant limitations:

(i) Inability to detect random failures It cannot detect
randomly failing qubits within the operational areas of the
chip,!'3 limiting the effectiveness of the measurements.

(ii) Dependence on fabrication uniformity The accu-
racy of frequency prediction is highly dependent on the uni-
formity of the fabrication process.!'*! Any variations can lead
to significant discrepancies between the test junctions and the
actual operational junctions.

(iii) Localized nature of adjustments Techniques like
laser annealing require precise knowledge of the actual resis-
tance of the operational junctions to fine-tune the qubit fre-
quencies effectively. The non-in situ nature of the test junction
measurements does not provide this level of precision.

In this study, we address these limitations by utilizing the
fritting contact technique to achieve in situ, non-destructive
measurements of Josephson junction resistance. Fritting con-
tact involves electrically breaking down the metal oxide layer
by applying a controlled voltage, resulting in minimal physical
damage to both the electrode and the probe while maintaining
stable electrical contact. Our experimental results demonstrate
that this method allows for accurate prediction of qubit fre-
quency with an error margin of 17.2 MHz. Furthermore, we
show that fritting contact does not significantly affect qubit
coherence time or the integrity of superconducting film, con-
firming the non-destructive nature of this method. This ad-
vancement provides a significant technological foundation for
frequency tuning and addressing frequency collision issues in
multi-qubit systems, thereby accelerating the scalability and
application of superconducting quantum computing.

2. Method

Fritting contact is a method used to achieve electrical con-
tact by electrically breaking down the metal oxide layer. This
method involves applying a low force to bring the probe into
contact with the electrode and then applying a high voltage to
the probe, inducing electron transition or ionization within the
metal oxide layer to form a stable electrical contact. The ad-
vantage of this method lies in its minimal physical damage to
both the electrode and the probe while maintaining the stabil-
ity of the electrical contact.*!-33! To employ the fritting con-
tact method, we built a custom probe station measurement sys-
tem, as shown in Fig. 1(a). The chip is vacuum-adhered to a
four-axis motorized stage. The probe, driven by a piezoelectric

platform (P-611Z, PI), approaches the chip at a descent speed
of 5 nm/s. The contact force between the probe and the chip
is monitored in real-time using a micro-force sensor (u-Force
20g, Chief SI) positioned between the stage and the probe,
with a resolution of 5 uN. When the probe makes contact with
the sample, the contact force starts to appear and increases to
a preset value, at which point the stage stops moving, com-
pleting the contact process. This entire process is fully au-
tomated. The probe is made of tungsten, with a tip diameter
of 200 nm. Imaging is performed using a CCD camera and a
light source, with the microscope lens angled to ensure obser-
vation of the probe tip during the fritting contact process. The
entire setup is placed on an active vibration isolation table to
mitigate environmental noise, ensuring accurate contact force
measurements.

Figure 1(b) illustrates the circuit used during the fritting
contact and Josephson junction resistance measurement. First,
after the probe contacts the qubit capacitor, a 20 ms pulse volt-
age signal is applied between contact points A and B, fritting
the oxide layer. The pulse signal reduces circuit heating and
minimizes damage to the film. Once electrical contact is es-
tablished, the current limiter of the SMU is activated to pre-
vent chip damage. The contact resistance is then measured.
Electrical contact at points C and D is established using the
same method. Finally, the SMU switch is turned off, and the
circuit is switched to Josephson junction measurement circuit.
Two lock-in amplifiers are used as an AC signal source and
voltmeter for four-terminal measurements. The AC signal in
the circuit eliminates the effects of thermoelectric and con-
tact potentials that give rise to low-frequency noise. To pro-
tect Josephson junction, a 1 MQ resistor is connected in se-
ries in the circuit to limit the current. The chip unit structure
studied is shown in Fig. 1(b). The substrate is high resistiv-
ity (> 10 kQ-cm) intrinsic (100) plane silicon, and qubit is
transmon structure formed by an aluminum coplanar waveg-
uide capacitor and an Al/AlO,/Al junction in parallel. The
aluminum film is prepared by electron beam evaporation, and
the Josephson junction is fabricated using the Manhattan-style
technique, with an area of ~ 0.04 umz. Qubits are driven and
read out through the readout bus.

3. Results and analysis

Fritting voltage and contact force are two critical param-
eters that determine the success rate of fritting contact and
the extent of electrode damage.**%! To minimize damage
to the superconducting film, we selected a contact force of
10 uN for testing, which is significantly lower than the me-
chanical breakdown contact force of 30 mN-100 mN. Fig-
ure 1(c) shows the variations in voltage and current during
a typical fritting contact. As the applied voltage gradually
increases, naturally oxidized aluminum is electrically broken
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down, which results in a transient current in the circuit. Subse-
quently, the current limiter activates, rapidly reducing the cur-
rent to 10 pA. This method allows us to identify the threshold
fritting voltage and control the heat at the contact point, pre-
venting damage to the aluminum film. Figure 1(d) illustrates
that the contact resistance decreases as the limiting current in-
creases. This is due to thermal expansion at the contact point
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caused by the heat from the higher current, which increases the
contact area and consequently decreases the contact resistance.
At a limiting current of 100 mA, the contact resistance is mini-
mized to within 1 Q. To protect the Josephson junction barrier,
we set the limiting current to 10 pA, and the higher contact re-
sistance is eliminated by using the four-terminal measurement
method.
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Fig. 1. Schematic of the probe measurement device and measurement setup. (a) The stage moves the chip to the measurement position with a
precision of 200 nm. The probe holder moves the probe over a wide range with a precision of 1 um. The piezoelectric stage moves the probe in
the z-direction with a precision of 1 nm. The microforce sensor utilizes a cantilever structure to measure the applied force by monitoring the degree
of bending in the beam under load. This bending induces a charge in the piezoelectric material within the sensor, which is then converted into
an electrical signal representing the magnitude of the force. In our experiments, we monitored the contact force at the probe tip at a frequency of
50 Hz. The microscope, positioned diagonally above the sample stage, observes the probe and chip structures. (b) Schematic of the fritting and R,
measurement. Probe contacts with the qubit capacitor are labeled A, B, C, and D. The source measure unit (SMU) provides fritting pulse signals
with a pulse width of 20 ms, using output terminals F4+ and F—. The lock-in amplifier measures resistance using the four-terminal method. It applies
a 0.1V, 1 kHz sine wave signal across terminals A and D, while measuring the voltage across terminals B and C. The right side shows an optical
image of the transmon, where the qubit capacitor is coupled to a quarter-wavelength coplanar waveguide resonator (RO) and controlled via a bus
(BUS). (c) Typical time-dependent behavior of fritting contact, showing the variation of fritting voltage and current over time. In the figure, the
fritting voltage is 4.8 V, with a current limit of 10 pA. (d) Relationship between limiting current and contact resistance. Each box plot represents

the mean (square), median (line within the box), 10%-90% values (whiskers), interquartile range (box boundaries), and outliers (crosses).

To determine the precision of predicting fy using the frit-
ting contact method, we measured R, of 24 qubits at room
temperature and compared the results with the corresponding
fq measured at low temperature. The qubits underwent R,
measurement, packaging, and installation into a dilution re-
frigerator within five hours to minimize the impact of aging
and drift on R,. Here f is referred to as the bare frequency
of qubit, which was first measured using the Ramsey fringe
method and was then downshifted by an amount of dispersive
shift to rule out the dressing effect arising from the coupling to
readout resonator.*®! Figure 2 shows the relationship between
fq and Ry, which fits well with a power-law relationship, as

expected from transmon theory. The inset in Fig. 2 shows that
the residuals between f and the fitted curve follow a Gaussian
distribution with a standard deviation of 17.2 MHz, indicating
that we can predict fq with an error of 17.2 MHz using the
power-law relationship and R, measured by the fritting contact
method. This level of precision is comparable to the state-of-
the-art frequency prediction error of 14.5 MHz demonstrated
by IBM on fixed-frequency qubit.['® In our case, this error
mainly comes from the uncertainty of qubit capacitance due to
variations in the fabrication process, while fluctuation in the
superconducting gap also contributes. We observed a slight
deviation between the power-law fitting exponent (—0.48) and
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the theoretical value (—0.5), which can be attributed to the fact
that R, is measured at room temperature rather than the cryo-

genic value used in the theory.
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Fig. 2. Plot showing the relationship between fy and Ry, along with the
power-law fitting curve. The inset presents the statistical distribution of
the residuals of fy from the fitted values. To account for the dressing ef-
fect due to the coupling between qubit and its readout resonator, the qubit
frequency fq measured using the Ramsey fringe method was downshifted
by dispersive shift y = >/, where g and § are the coupling strength and
frequency detuning between qubit and its readout resonator. In our case,
g~ 80 MHz, 6 ~ 2 GHz, which gives y ~ 3.2 MHz.

In addition to precise frequency prediction, maintaining
high qubit performance is also crucial. We investigated the im-
pact of fritting contact on qubit coherence and the aluminum
film. Qubit coherence is a critical parameter for high-fidelity
gate operations and is highly sensitive to dielectric loss in
materials.[*738] We analyzed the distribution of energy relax-
ation time (77) and phase relaxation time (73) for 24 qubits
before and after R, measurement, as shown in Fig. 3(a). In the
quantile—quantile plot (left panel), 71 and 7, exhibit a good
correspondence with the unit slope, indicating that qubit co-
herence has a similar distribution before and after R, measure-
ment. The box plots (right panel) provide a detailed compari-
son of the means, quantiles, and other distributions of 77 and
T,. Before (after) resistance measurement, 77 is 42 + 14 us
(43£14 us), and 75 is 24 +13 ps (2211 ps), demonstrating
that fritting contact did not affect qubit coherence within the
statistical error range. Figure 3(b) shows the morphology of
the aluminum film when mechanical breakdown of the oxide
layer is used to achieve electrical contact between the probe
and the electrode. Such indentations may affect capacitance
Cq and introduce impurities, which reduce coherence time.
We compared the morphology at the contact point before and
after fritting contact and found no indentations, as shown in
Figs. 3(c) and 3(d). This is achieved by precisely control-
ling the breakdown voltage and contact force, while the ac-
tive vibration isolation table effectively isolates environmental
noise. Overall, these results indicate that fritting contact is
non-destructive for superconducting qubits.
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Fig. 3. (a) The effect of fritting contact on qubit coherence. The left
panel presents a quantile—quantile (QQ) plot comparing data before and
after resistance measurement. The right panel is a box plot showing the
mean (square), median (line within the box), 10%—90% range (whiskers),
interquartile range (box boundaries), and outliers (crosses). “Org.” stands
for original, and “Meas.” stands for measured, corresponding to the val-
ues before and after resistance measurement, respectively. (b)-(d) AFM
measurements of the surface morphology at the contact points on the alu-
minum film. Panel (b) illustrates the mechanical breakdown of the oxide
layer, panel (c) shows the surface before fritting contact, and panel (d)
shows the surface after fritting contact.
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Fig. 4. (a) Resistance changes of Josephson junctions in 12 qubits during
laser annealing. The blue diamonds represent the initial resistance, the
light blue diamonds represent the resistance after a single laser anneal-
ing, and the red diamonds represent the final resistance. (b) Quantile—
Quantile (QQ) plot of the residuals between the qubit frequencies and the
fitted curve, using the same fitting curve before and after laser annealing.

Laser annealing for frequency tuning requires multiple
R, measurements to ensure tuning accuracy.''®! This demands
that R, measurement is robust. To study the impact of fritting
contact on frequency tuning, we collected the parameters of
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12 qubits before and after laser annealing. Figure 4(a) shows
the variation of R, with laser annealing, where each qubit un-
dergoes multiple R, measurements to reach its target value.
Figure 4(b) presents the residual distribution between f; and
the fitted curve (using the same statistical method as the in-
set of Fig. 2). The residual values before and after annealing
align well with a unit slope, indicating that fritting contact is
well suited for frequency tuning technologies such as thermal
annealing and laser annealing.

4. Conclusion

In conclusion, we have developed a novel measurement
technique utilizing the fritting contact method to achieve in
situ, non-destructive measurements of Josephson junction re-
sistance. This technique overcomes the limitations of tradi-
tional four-probe methods, which can damage superconduct-
ing thin films and lead to inaccurate measurements. Our re-
sults show that the fritting contact method allows for pre-
cise prediction of qubit frequency with a margin of error of
17.2 MHz. Additionally, the technique does not significantly
impact qubit coherence time or the integrity of the supercon-
ducting film, confirming its non-destructive nature.

The successful implementation of this method provides a
robust technological foundation for precise frequency tuning,
essential for mitigating frequency collision issues in multi-
qubit systems. This advancement is crucial for the contin-
ued development and scalability of superconducting quantum
computing. Future work will focus on further refining this
technique and exploring its application in various supercon-
ducting quantum computing architectures to enhance perfor-
mance and reliability.
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