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Abstract

In multi-qubit superconducting systems utilizing flip-chip technology, achieving high accuracy
in resonator frequencies is of paramount importance, particularly when multiple resonators share
a common Purcell filter with restricted bandwidth. Nevertheless, variations in inter-chip spacing
can considerably influence these frequencies. To tackle this issue, we present and experimentally
validate the effectiveness of a resonator design. In our design, we etch portions of the metal on the
bottom chip that faces the resonator structure on the top chip. This enhanced design substantially
improves frequency stability by a factor of over 3.5 compared to the non-optimized design, as
evaluated by the root mean square error of a linear fitting of the observed frequency distribution,
which is intended to be linear. This advancement is crucial for successful scale-up and achievement

of high-fidelity quantum operations.



INTRODUCTION

Quantum computing possesses extraordinary transformative potential across numerous
fields of science and technology. Effectively harnessing an increasing number of qubits is
crucial for fully realizing quantum computing’s potential, ranging from near-term applica-
tions that can provide valuable insights despite noise [1], to the ultimate achievement of
fault-tolerant quantum systems that can overcome errors and deliver groundbreaking com-
putational capabilities [2]. Superconducting qubits have emerged as one of the leading
platforms [3], necessitating innovative techniques to accommodate the ever-growing qubit
count [4]. One of these techniques is the flip-chip bonding, which connects two chips face-
to-face via superconducting metal bumps, typically indium, due to its ductility and facile
cold-welding properties. This technique is gaining increasing importance in the development
of superconducting qubit chips [5-11], as it effectively addresses wiring challenges and en-
ables the continuous expansion of qubit numbers, thereby paving the way for more advanced

and powerful quantum computing systems.

In recent years, researchers have made significant progress in improving the reliability and
accuracy of the flip-chip bonding technique [9, 12, 13]. However, several challenges persist,
such as controlling chip spacing, ensuring chip planarity, maintaining alignment accuracy,
and ensuring material compatibility [10]. Particularly, the inter-chip spacing directly affects
various aspects of the device’s performance, including resonator and qubit frequencies [14],
the coupling rate between quantum components [15], and the impedance of signal lines [16].
Furthermore, the off-target resonator frequency can introduce readout crosstalk [17], thereby

reducing readout fidelity, or cause an additional phase error after a mid-circuit readout [18].

The inter-chip spacing typically faces three primary challenges: overall offset, relative
tilt, and chip flatness. To address these challenges, several fabrication-side approaches have
been developed. One such a approach is the use of silicon spacers [12], which can reduce
chip tilt to approximately 11 urad. Another approach is the implementation of large indium
bumps [9], which can keep deviations less than 0.5 um for a 5pum spacing. Additionally,
incorporating a thick photoresist as hard spacers [19] can result in deviations of about
0.8 um for a 9.6 um spacing. These approaches aim to ensure accurate and consistent inter-
chip spacings during the flip-chip bonding process. However, some imperfections still can not

be fully resolved by these fabrication improvements. Such as the bow of the wafer [20], and
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the hard spacer height, which may exhibit a 4% off-target deviation [12]. These imperfections
can easily cause the resonator frequency of about 6.7 GHz to shift by tens of MHz, which in
turn increases the readout crosstalk and affects the resonator allocation in the bandwidth
of Purcell filters [21] or quantum-limited parametric amplifiers [22] within a multi-qubit
architecture. As the scale of qubit systems continues to grow, further optimization from the
design aspect is still necessary to maintain precise control over the inter-chip spacing.

In this work, we present and evaluate a design-side approach aimed at mitigating the
impact of the inter-chip spacing variability on the frequency of resonators in flip-chip config-
urations, as concurrently proposed in theory by Li et al. [23]. Our design includes a robust
resonator that can withstand a substantial range of inter-chip spacing fluctuations. To val-
idate the effectiveness of our design, we performed experimental tests on an intentionally
tilted large-scale flip-chip setup. Our results reveal that we can maintain a precise resonator
frequency even with significant inter-chip spacing variations, thereby laying the groundwork

for large-scale, high-performance quantum computing chips [24].

RESULTS

Purcell Filter Design Considerations

The flip-chip under investigation is illustrated in Fig. 1(a). The chip is fabricated using
a sapphire substrate, on which an aluminum film is deposited and subsequently etched to
form a specific circuit pattern. For details on the fabrication procedure, see Appendix C. In
this chip, 12 quarter-wavelength resonators on the top chip are coupled to a single common
Purcell filter [21] situated on the bottom chip. And a total of 15 filters with specific res-
onator designs are reflectively connected to the readout lines, as illustrated in Fig. 1(b). To
accommodate an growing number of qubits and resonators with limited readout channels, it
is essential to maximize the number of resonators coupled to a single common filter. In the
calculations presented in Appendix A, we demonstrate that the filter bandwidth k¢ should
be smaller to achieve a higher Purcell limitation of the qubit lifetime. Thus, to maintain
a long qubit lifetime in a large-scale qubit chip with filters, the frequency step of the res-
onators coupled to a shared common Purcell filter should be minimized. However, reducing

the frequency step of resonators with relatively large frequency uncertainty might result
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FIG. 1. Overview of the large-scale flip-chip under our investigation. (a) Photograph of
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the flip-chip wire-bonded to a PCB. This chip features 12 resonators connected to a single shared
Purcell filter, with a total of 15 filters linked reflectively to the readout lines. The red box (one
column) encompasses a single common Purcell filter and 12 resonator-qubit units. Within each
column, all 12 resonators possess identical etched length, as illustrated in Fig. 2(a). (b) Circuit
schematic of the common Purcell filter. The qubit frequency wq is set to about 27 x 5 GHz and
the filter frequency is wr/2m = 6.7 GHz. The resonator-filter coupling, g.¢, is chosen to ensure that
the resonator damping rate, k;, remains constant at 2w x 2MHz. To optimize the signal-noise
ratio of the readout signal, we ensure that k. is approximately double the cross-Kerr nonlinearity,
2x. In turn, this ratio is governed by the qubit-resonator coupling gq,. And k¢ represents the
bandwidth of filters. (c) Purcell limitations for various configurations. The step indicates the
frequency step of resonators. The x-axis displays the detuning between the resonator and filter,
given by Ays = wy — we. The Purcell limitation is higher for filters with narrower bandwidths and

resonators with smaller frequency steps. 4



in frequency crowding issues. Therefore, it is crucial to address the frequency uncertainty
caused by the flip bonding process.

In the chip we examined, the resonator frequency step is approximately 30 MHz, and the
filter bandwidth is set to 600 MHz to prevent frequency misalignment between the filter and
resonators. Under these conditions, the lowest estimated Purcell limitation is around 400 pus,
as the green curve shown in Fig. 1, which could be improved in the future by employing a
narrower bandwidth filter. In the subsequent section, we will present an innovative design

to address the frequency uncertainty arising from the flip bonding process.

Resonator Design and Simulation

The schematic of each individual resonator and its corresponding top and bottom chip
is shown in Fig. 2. The upper part of the Fig. 2(a) is a top-view diagram, where the blue
(pink) part represents the etched part of bottom (top) chip. The resonator and filter are
located on the top and bottom chips, respectively, and are coupled to each other. The lower
part of Fig. 2(a) shows a cross-section diagram. In the unoptimized metal-facing flip-chip
design, the resonator frequency is highly sensitive to variations in the inter-chip spacing h.
In contrast to the metal-facing design, we carried out additional etching of the aluminum
film facing the resonator on the bottom chip with a specific length. This approach results
in the resonator frequency displaying opposite responses to changes in inter-chip spacings
between metal-facing and dielectric-facing configurations [23]. By partially removing the
metal layer facing the resonator, we can effectively mitigate the impact of chip spacing
variations on frequency, leading to a frequency robust design. Leveraging this mechanism,
we designed multiple sets of resonators with differing metal etching lengths. Within each
set, resonators with the same etching length are designed to couple to a common filter,
with their frequencies evenly distributed within the working bandwidth of the filter. For
additional theoretical analysis and calculations, please refer to Appendix F.

Fig. 2(b) presents the electromagnetic simulation results of the resonator design. We set
the reference distance for the inter-chip spacing h as 9 ym and display the percentage change
in frequency relative to the reference frequency at h=9 ym. We compare the frequency
response of different etching lengths to the h variation. As shown in the figure, when the

design is not optimized, a 0.8 ym fluctuation around 9 pm in chip spacing results in a 70 MHz
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FIG. 2. Schematic of our flip-chip design and the resonator frequency simulation
results. (a) Top-view and cross-section of our flip-chip design. The chips utilize sapphire as
the substrate, which is coated with an aluminum film. In the top-view diagram, the blue (pink)
area represents the etched portion of the bottom (top) chip, while the aluminum part appears
transparent. In the cross-section diagram, we etch away part of the aluminum film in the region of
the bottom chip facing the resonator, exposing the sapphire substrate (dielectric-facing), while the
remaining area retains the complete aluminum film (metal-facing). The inter-chip spacing between
the top and bottom chips is denoted as h. The region of aluminum film removal is controlled by the
“etched length,” as depicted in the top-view diagram. (b) Dependence of resonator frequencies on
inter-chip spacings as determined by electromagnetic simulation. The x-axis displays the inter-chip
spacing h, using 9 um as the reference. The y-axis represents the percentage of frequency change for
resonators with varying h, relative to the reference frequencies at h=9 ym. Various curves illustrate
different etched lengths. It is worth noting that for different etched lengths, the reference frequency
at h=9 um also exhibits minor variations but is designed to remain approximately 6.5 GHz. The
results show that dielectric-facing and metal-facing have opposing effects on resonator frequency
when h deviates from the reference value, and equilibrium is achieved when the etched length is

set to 330 pum.

frequency fluctuation of the resonator. Considering that the resonator frequency step is only

30 MHz and the working bandwidth of our filter is designed to be several hundreds of MHz,



such fluctuations can cause significant crosstalk between different resonators. As anticipated,
partially removing the metal layer opposite the resonator, especially when the etching length
reaches an optimal value, leads to a substantial reduction in the variations in the resonator
frequency caused by fluctuations in chip spacings. Our flip-chip characterization further

verifies this result.

Chip Spacing Characterization

To assess the spacing between the top and bottom chips, we utilized a stylus profilometer
(Dektak XT). This device directly measures the distance from the top surface of the upper
chip to the top surface of the lower chip. By subtracting the thickness of the top chip, as
determined by the profilometer data, we were able to calculate the spacing between the two
chips. The top chip was made from double-polished sapphire, and its thickness, which was
found to be uniformly distributed at 43041 pmacross the entire chip, was measured using a
Scanning Electron Microscope (SEM). For more detailed measurement information, please
refer to Appendix E. For a more intuitive representation of the data, we used the upper
surface of the bottom chip as the reference plane and extracted the position range of the
resonators, resulting in the data shown in Fig. 3(a). The chip has a spacing of 9.64+2.2 ym
progressively increases from the top left to the bottom right and the tilt angle between the
top and bottom chips is estimated to be around 219 urad.

The distribution of inter-chip spacings for each column of resonators with different etched
lengths is illustrated in Fig. 3(b). To ensure similar variations in spacings for each column,
we deliberately controlled the fabrication process. Furthermore, we randomized the order
of columns with different etched lengths, ensuring that the measured chip frequency distri-
bution is directly related to the etched length and not the specific inter-chip spacing.

Fig. 3(c) presents the frequency distribution of the seven even-numbered columns, which
have identical designs and include resonators with zero etched length. These columns are
used to characterize the inter-chip spacing fluctuations throughout the entire chip. The same
color line represents each column, and the intended frequency difference between adjacent
resonators is 30 MHz. In an ideal scenario, these lines would be linear; however, in practice,
a noticeable curvature is observed. Each row of resonators is designed to have the same

frequency, and ideally, the lines within the same row should be horizontal and straight.

7



(@

X direction/mm
0.0 2.5 5.0 7.5 10.0 12.5
1 1 1

Y direction/mm

o

Column
(b) (©)
—&— 4th Resonator
12
6800-
{ N
11 { jas)
g { S 67501
&
S E E )
-ﬁ) . } } 5 67001
% { f )
T } } { 2 6650
8 =~
7 6600
1 3 5 7 9 1 13 15 2 4 6 8 10 12 14
Column Column

FIG. 3. Measured chip spacings and resonator frequency distribution in the full metal-
facing design. (a) Profilometer diagram of chip spacing distribution. In the X direction, the entire
chip is divided into 15 columns, while in the Y direction, it is divided into 12 rows. Each grid-
enclosed sub-area contains the footprint of a single resonator. In the X direction, eight groups of
resonators with varying etched lengths are arranged in odd-numbered columns, while seven groups
of resonators with zero etched length are positioned in even-numbered columns for comparison. In
the Y direction, the first ten resonators of each group are designed with the same frequency step
and will be utilized to evaluate the performance of the resonator design. (b) Inter-chip spacing
distribution for each column measured in room temperature. Each data point represents the
mean value of the spacing for different resonators within each column, with the bars indicating
the range of spacing distribution, which is similar across various columns. (c¢) The measured
resonator frequency distribution for even-numbered columns. Since all seven columns share the
same design, their frequencies are used to characterize inter-chip spacing fluctuations. Ideally, all
these lines should exhibit uniform linearity. The gray solid line provides a horizontal comparison
of the frequencies for the fourth resonators in each even-numbered column and should maintain a
horizontal orientation. As observed in the figure, the frequency distribution is significantly affected

by the tilted spacing of the flip-chip.



Nevertheless, a certain degree of inclination is present in reality. The curved lines depicted
in the figure signify that the resonant frequency substantially deviates from the design value

due to the inter-chip spacing tilt.

Resonator Optimization Results

Ideally, as each column is designed to maintain a consistent frequency step for the first ten
resonators, their frequencies should display a uniformly linear distribution. However, due to
varying inter-chip spacings among different resonators, this linear characteristic is distorted.
Enhanced linearity implies maximizing the utilization of the filter bandwidth, prompting us
to optimize the resonator etch length to minimize the frequency congestion. We measure
the reflected signal from the resonator using a vector network analyzer (VNA) and obtain
the resonator frequency through fitting, as described in Ref. [25]. All the measured data
points in Fig. 4(a,b) are the average of 30 measurements with —140 dBm input power at
the chip. The VNA bandwidth is set to be 5kHz. To assess the performance of our design
optimization, we present the linear fittings (obtained using the least squares method) based
on the experimentally measured resonator frequency data, as shown in Fig. 4(a,b). We then
compare the linearity of the frequency distribution for each column using the root mean

square error (RMSE), defined as RMSE = \/ L3 (yi — 9:)?, where (y; — 9;)* represents

the squared difference between the observed value y; and the predicted value y; for each data
point i, and n is the total number of data points.

We employ RMSE as a measure of the linearity of the resonator frequency distribution,
with smaller values being more favorable. A comparison of the RMSE for various etch-
ing proportions can be found in Fig. 4(c). Notably, the linearity of the optimized partial
dielectric-facing design has improved by a factor of more than 3.5 compared to the metal-
facing design. The theoretically optimal etched length of 330 um is not presented due to
fabrication damage on the filter. Furthermore, we exclude the last two resonators in each
column from our analysis, as they are designed with different shapes.

As shown in Fig. 4(d), we utilize the slope of the linear fitting to represent the mean
frequency step. The dashed lines represent the simulated design target frequency steps. We
find that, when the etched length is 290 um, the off-target error of the measured frequency

step relative to the design value has been optimized to less than 1/5 of the original metal-

9



(a) Etched length 0 um (b) Etched length 290 um

6850 (RMSE: 8.4545) (RMSE: 2.4015)
—— Fitted Line —— Fitted Line
E 6800 & Data Points with Error E 6850 & Data Points with Error
= = 6800
3 6750 >
< < 6750
S 6700 M’ S \ ' ‘
g ‘ x T 6700 L \
— —
g g T
6650 M\ J \ H( 6650 \\
66001 ° oo Ffequenc)’/MHa;m 6600 Beuf:reqﬁlzggcy/ﬁzﬁz
2 4 6 8 10 2 4 6 8 10
Resonator index Resonator index
(©) RMSE for different design () Mean frequency step for different design
9 30 == Target frequency step for 290 um
8 N 291== Target frequency step for 0 pm ~ =======g-==
3 ]
7 z 28
6 z
w GCJ 27
Z s 5 2
4 2 25
3 24
2 23
0 50 90 130 170 210 250 290 0 50 90 130 170 210 250 290
Etched length/pum Etched length/um

FIG. 4. Comparison of Resonator Frequency Measurements Across Different Etching
Lengths. (a, b) The measured resonator frequencies (blue points) and their corresponding linear
fittings (red lines) are shown for resonators with etched lengths of 0 pm and 290 um, respectively.
The error bars are relatively small and not clearly visible. The subplots illustrate the phase response
of the reflection coefficient S11, which is used to determine the resonator frequencies. RMSE, or
Root Mean Square Error, represents the square root of the average squared discrepancies between
the predicted and actual values. It will be used to assess the linearity of the frequency distribution
of the resonator frequencies with various etched lengths. (c) RMSE of the measured resonator
frequencies for all resonators with differing etched lengths. Notably, the design incorporating a
290 pm etched length demonstrates that the fluctuation of resonator frequencies is small when
considering variations in inter-chip spacings. (d) Comparison of the average resonator frequency
steps, as measured by the slopes of the linear fittings. The complete experimental data of the
resonator frequency can be found in Appendix D. The blue and red dashed lines represent the target
resonator frequency steps for etched lengths of 0 pm and 290 um, respectively, as determined from
electromagnetic simulations with an inter-chip spacing of 9 ym. It is evident that the off-target error
of the frequency steps for the 290 pm design is substantially smaller compared to the unoptimized

0 pm design.
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facing design. Our experimental results confirm that the partial dielectric-facing design
maintains precise resonator frequency control despite the chip spacing fluctuations depicted

in Fig. 3(a).

DISCUSSION

We have shown that the new resonator design can improve the accuracy of the resonator
frequency target in the flip-chip architecture. However, we also discovered that achieving
optimal results requires etching a large area of the bottom chip metal. This etched area
accommodates a mode with a specific frequency and loss. In the optimized design, the
etched length is long, the additional mode frequency is low, and the etched area is close to
the filter, which is capacitively coupled to the 50€) environment. It is crucial to investigate
whether this additional mode will cause significant leakage of the qubit.

In the designed resonator with an etched length of 330 um, the simulated additional mode
frequency is wegen /2™ = 14.8 GHz. Based on the 502 impedance boundary condition of the
filter, the coupling quality factor ). of this mode to the environment is approximately 14000.
The coupling strength between the qubit and the additional mode, gq—eten/27, is estimated
to be 96 MHz using the EPR method [26]. With these parameters and considering a 5 GHz
qubit, the Purcell limit through this additional mode is estimated to be approximately
14.5ms, which can be safely ignored. In our experiments, we have also tested 18 qubits
with lifetimes ranging from 17.2 us to 106.7 us and an average of 52.6 us. These results are
consistent with the current manufacturing standards for aluminum film flip-chip. Therefore,

the new resonator design does not compromise the qubit coherence.

CONCLUSION

In conclusion, we have presented an innovative resonator design within the flip-chip ar-
chitecture that maintains frequency stability despite inter-chip spacing fluctuations. This
development signifies a considerable advancement towards improving the performance of
multi-qubit structures. The same principle can be extended to other quantum components
based on the coplanar-waveguide (CPW) resonator structure within the flip-chip architec-

ture, such as the Purcell filter and the qubit coupling bus [27]. Additionally, it can be
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applied beyond the field of superconducting qubits, for instance, in potential applications

within the quantum dot system featuring the flip-chip architecture [28, 29].

APPENDIX
Appendix A: Purcell Limitation

Here, we present comprehensive calculations of the Purcell limitation as a complement
to the theoretical study in reference [30]. We begin with a qubit-resonator combined system
that does not include a Purcell filter. Within the one-excitation subspace of the Hilbert

space, the Hamiltonian of this combined system can be represented as:

w Gaqr

Hy = ! ) (1)
Gop We — ik /2
where wq = 27 x 5GHz denotes the qubit frequency, w, = 27 x 6.7 GHz represents the
resonator frequency, g, indicates the coupling strength between the qubit and the resonator,
and k, = 27 x 2 MHz signifies the dissipation rate to the environment.

To achieve a high signal-to-noise ratio for the readout signal, we set x, equal to twice the
cross-Kerr nonlinearity, 2y, where x ~ —g2. /(Aq:+ A2 /) [24], Agr = wq—w; represents the
detuning between the qubit and the resonator, and n = —27 x 270 MHz denotes the self-Kerr
nonlinearity of the qubit. Under this constraint, we can easily obtain g, = 27 x 111.37 MHz.
Once all parameters are determined, we can diagonalize Eq. 1 and obtain the complex qubit
mode eigenfrequency w,. The Purcell limitation of the qubit can then be calculated as T} =
1/(—2Im(wy)) ~ 18.78 us. It is evident that, without a Purcell filter, the qubit coherence
would be significantly affected by leakage into the environment through the resonator.

In the same way, we can calculate the Purcell limitation after adding the Purcell filter,
which is a lossy resonator. The Hamiltonian of the qubit-resonator-filter combined system
can be represented as:

Wy Yar 0
Hyt = | go we Gt ; (2)
0 g wr—ike/2
where wy = 27 x 6.7 GHz denotes the filter frequency, s is the coupling strength between

the filter and the environment, and ¢, indicates the resonator-filter coupling strength. In
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the calculation, we first assume a filter bandwidth x¢. Then, we diagonalize H¢, obtain
the complex resonator mode eigenfrequency w,, and find g,¢ by setting —2Im(w,) = &k, =
27 x 2MHz. Once gy is determined and since g, is already known, we can quickly find wg,
and thus the Purcell limit of qubit coherence, given by T} = 1/(—2Im(w,)).

To determine the optimal parameters for the filter and resonators, we initially set the
damping rate of the resonators k, = 27 x 2MHz and the frequency of the filter w; =
21 x 6.7 GHz. We then explore various filter bandwidths k¢ to evaluate the Purcell limitations
of the qubit mode lifetimes for resonators with different linear frequency differences, as
indicated by ‘step’ in Fig. 1(c). For each configuration, we consider 14 resonators, and their
detuning to the filter Ay = w, — wy is displayed as the x-axis of Fig. 1(c). As evident in
Fig. 1(c), the Purcell limitation is higher for filters with narrower bandwidths and resonators

with smaller frequency steps.

Appendix B: Experimental Setup

We mount the 180-resonator flip-chip at the base plate of a dilution refrigerator and
connect it to the control electronics setup located at room temperature, as shown in Fig. 5.
Lines for XY control (black), readout input (green), and readout output (red) are configured
with the indicated microwave components for signal conditioning. The readout input/output

lines are connected to a VNA to determine the resonator frequencies.

Appendix C: Fabrication

The flip-chip is divided into two parts: the top chip (25 mm by 10 mm) and the bottom
chip (30 mm by 13 mm). The readout resonator is located on the top chip, while the Purcell
filter and readout transmission line are situated on the bottom chip. The top and bottom
chips are connected by indium bumps, providing both mechanical support and electrical
connection. To prevent the indium bumps from interdiffusing with the underlying aluminum
metal and forming brittle intermetallic compounds, a layer of niobium serves as an under
bump metal (UBM) layer between the indium bumps and aluminum. To facilitate the
measurement of the spacing between the top and bottom chips, the top chip employs double-

polished sapphire, and the bottom chip uses single-polished sapphire. First, we employ the
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FIG. 5. Full wiring diagram for the experimental setup of the tested chip. The
experimental schematic consists of three unique signal channel types: 24 black XY channels, 12
green input, and 12 red output readout channels. The XY and readout signals interface with
room temperature electronics through an array of components such as filters, attenuators, and
circulators. On the room temperature side of the output line, a 40dB microwave amplifier is

positioned, which is not depicted in this illustration.

e-beam method to deposit aluminum with a background vacuum of E-9 torr. Second, we
utilize ultraviolet exposure to define the resonators on the top chip and the transmission lines
on the bottom chip. Then, we apply wet etching type A (TRANSENE COMPANY, INC.) to
transfer the pattern to the underlying metal. Third, we expose the UBM layer pattern on the
double-layer resist of LOR (MicroChem)and S1805 (DOW), deposit niobium by magnetron
sputtering, and obtain the required UBM structure using a stripping process. Fourth, we
fabricate full-coverage and discrete air bridges on the bottom chip. For full-coverage air
bridges, we use periodic opening windows to achieve stable support and effective degumming.
Fifth, we expose the negative resist on the top and bottom chips, deposit 9 um of indium
by thermal evaporation, and obtain indium solder bumps using a stripping method. Sixth,
we employ a dicing machine to cut the crystal grains. Finally, we flip the top chip, use an

inverted soldering machine (SET, FC150) to adjust the parallelism and planar alignment of
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the top and bottom chips, and press the top and bottom chips together at room temperature
with a pressure of 2kg. After press-welding, the chip is wire-bonded onto a PCB board and

enclosed in an aluminum sample box.

Appendix D: More Experiment Data
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FIG. 6. All resonator frequency measured from the experiment. The subplots display
the full set of experimentally measured resonator frequencies for different etched lengths, ranging
from O pm to 290 yum. The red lines represent the corresponding fitted lines, and the inset shows

the corresponding Sp; plot.

Appendix E: SEM Measurement

The height data acquired by the profilometer represents the sum of the top chip’s thickness
and the inter-chip spacing. Hence, precise measurement of the top chip’s thickness is crucial
for determining the inter-chip spacing. After completing the low-temperature measurements,
we employed SEM (ZEISS, Gemin) to assess the thickness at various positions of the top
chip. The results revealed a highly uniform thickness of 430 ym, as depicted in Fig. 7(c,d).
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FIG. 7. SEM micraograph of the flip-bonding device. Thickness measurements of the top
chip at the upper-left edge (a) and upper-right edge (b). Inter-chip spacings measurements at the

upper-left edge (c) and upper-right edge (d).

Moreover, we directly inspected the inter-chip spacing between the top and bottom chips
using SEM. Due to the disparity in height between the edges of the top and bottom chips,
simultaneous clear capture by SEM was challenging. To prevent the bottom chip’s circuit
structures from obscuring the top chip, we deliberately tilted the sample by 1 degree, result-
ing in a measurement error of approximately a hundred nanometers. The inter-chip spacing
at various positions is depicted in Fig. 7(a,b). SEM results showed a spacing difference of
3.57 um between the top left and top right corners of the chip, aligning with the height
difference of 3.26 ym measured by the profilometer. This cross-validation suggests that the
method of using a profilometer to measure the inter-chip spacing and SEM to measure the

top wafer’s thickness, thereby determining the spacing distribution, is reliable.
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FIG. 8. Analysis of the impact of dielectric-facing and metal-facing on the resonator
frequency. (a) Capacitance and inductance dependence on inter-chip spacings for metal- and
dielectric-facing configurations. (b) Theoretical predictions of resonator frequency for different
etching ratios. Each curve shares the same effective length of 4.5 mm for CPW and varies only in
terms of the overall etching ratio «. For the optimized v = 0.82, the resonator frequency will be

insensitive to a large inter-chip spacing fluctuation.
Appendix F: Theoretical Analysis of Resonator Frequency

In this section, we offer a comprehensive explanation of the theoretical basis for attaining
resonator frequency insensitivity to inter-chip spacing variations using the partial etching
method implemented in our study.

The resonator frequency is inversely proportional to the square root of the product of
capacitance and inductance. Inductance can be categorized into two parts: geometric and ki-
netic. Since kinetic inductance is significantly smaller than geometric inductance, and there
is a notable difference between the geometric inductance in dielectric-facing and metal-facing
configurations, we exclude kinetic inductance from our discussion on the optimal etching ra-
tio and the impact of inter-chip spacing variations on resonator frequency. To quantify the
effect of chip spacings on the resonator frequency, we utilized the capacitance and inductance
formulas for CPW in the flip-chip [16] and plotted the variations of these parameters with
inter-chip spacings in Fig. 8(a). The curves show that the resonator capacitance decreases

in both configurations as the chip spacing increases. However, in terms of inductance, we
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observe that it increases with enlarging chip spacings in the metal-facing configuration, while
remaining unaffected by chip spacings in the dielectric-facing scenario. This phenomenon
can be attributed to the fact that in the dielectric-facing scenario, the current flows exclu-
sively on the top chip, making the inter-chip spacing irrelevant to the current distribution.
Conversely, in the metal-facing configuration where both sides are metallic, the current flow

distribution is influenced by the metal presence on both sides.

Upon further analysis, we find that the metal-facing configuration exhibits a higher rate
of change in inductance with inter-chip spacings compared to capacitance. As a result,
frequency variations in the metal-facing configuration are primarily influenced by inductance,
while those in the dielectric-facing configuration are primarily influenced by capacitance. We
define the overall etching ratio v as the length ratio of the dielectric-facing part to the entire
length of the CPW. Through analytical calculations, we determine that the optimized value
of v in our design is approximately 0.82, as depicted in Fig. 8(b). This finding aligns with

both our electromagnetic simulations and experimentally measured optimal etching ratios.

Data availability The source data for this paper can be requested from the corresponding
author with a reasonable justification.
Code availability Codes used in the theoretical calculation are available from the corre-

sponding author on reasonable request.
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