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ABSTRACT

We present a flip-chip architecture for an array of coupled superconducting qubits, in which circuit components reside inside individual
microwave enclosures. In contrast to other flip-chip approaches, the qubit chips in our architecture are electrically floating, which guaran-
tees a simple, fully modular assembly of capacitively coupled circuit components, such as qubit, control, and coupling structures as well as
reduced crosstalk between the components. We validate the concept with a chain of three nearest neighbor coupled generalized flux qubits
in which the center qubit acts as a frequency-tunable coupler. Using this coupler, we demonstrate a transverse coupling on/off ratio ~ 50,
zz — crosstalk ~ 0.7 kHz between resonant qubits and isolation between the qubit enclosures > 60 dB.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0245667

Circuit quantum electrodynamics' —using superconducting
qubits, resonators, and waveguides as building blocks—is one of the
leading platforms for quantum hardware development. Following an
approach similar to the semiconductor industry, the on-chip integra-
tion of an increasing number of such components is, in principle, a
matter of sophisticated engineering, and it has led to the realization of
impressively complex quantum processors.” ° However, as quantum
processors grow in size and complexity, new physical phenomena
emerge, such as correlated quasiparticle and phonon bursts,”'’ charge
offsets,"' and two-level-system reconfigurations due to ionizing radia-
tion.'>® Moreover, microwave crosstalk emerges as one of the main
limitations in some of the most sophisticated architectures.” Last, but
not least, it becomes increasingly likely that frequency crowding or a
single defective component limits the performance of an entire chip.
In view of these challenges, it is essential for scale-up strategies to

minimize microwave and mechanical (ie, phonon) crosstalk and
maximize modularity.

On-chip strategies to scale-up quantum processors include from
a technological perspective relatively involved techniques such as air-
bridges,'* spring-loaded pogo pins,'” or deep silicon vias.'® While these
monolithic devices can achieve impressive microwave performance in
terms of isolation and spurious mode suppression, they are susceptible
to correlated phonon bursts and lack modularity due to cold-welded
connections between layers. A complementary approach is to assemble
a processor from chip-level building blocks, allowing for individual
component fabrication as well as flexible and reconfigurable arrange-
ments. Several promising techniques are currently being pursued,'” *’
including flip-chip”"~** and chiplet”” *” architectures.

Here, we present an alternative modular approach, where we
combine several features of 2D and 3D architectures to form an array
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of coupled, but crosstalk-resilient superconducting qubits. Our goal is
to facilitate a highly modular assembly, with microwave-isolated sub-
components insensitive to correlated errors caused by the propagation
of phonon waves. The key feature in our design is the separation of the
qubits on dedicated, electrically floating chips within individual micro-
wave enclosures. To validate the architecture, we implemented a device
consisting of three enclosures, each hosting a generalized flux qubit (Q),
inductively coupled to a dedicated readout (R) mode referred to as QR
system, similar to Ref. 26. We use the central qubit as a flux-tunable
coupler and demonstrate tunable two-qubit interactions. This concept
can be extended by adding microwave enclosures, both in-plane and
out-of-plane, to increase the number of adjacent qubits.

ARTICLE pubs.aip.org/aip/apl

The three enclosures of our prototype, each hosting a QR system
on a dedicated chip, are shown in Fig. 1(a). They have dimensions of
6.1 x 6.1 x 6.0mm?>, pushing the enclosures lowest frequency
eigenmodes above 16 GHz. The 6.5 mm spacing between neighboring
qubits facilitates their assembly without the need for sophisticated
packaging tools and strongly reduces crosstalk. In the outer enclosures
on the left and right [el and e3, respectively, see Fig. 1(b)], we mount
an upside-down flipped qubit chip on top of a control chip, while the
middle enclosure (e2) contains only a single coupler chip. The qubit
chip dimensions (2.85 x 10.0 mm?) exceed the size of their enclo-
sures, so that they overlap with the adjacent enclosures. We attach the
top qubit chips with a small amount of vacuum grease to pedestals
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FIG. 1. Modular flip-chip architecture based on individual qubit and coupler enclosures. (a) Cross section of the sample box: two of the three enclosures (e1 and €3) contain
control (dark green) and qubit (light green) chips, one enclosure (€2) houses a qubit chip used as coupler (orange). Each enclosure can be accessed by two coaxial cables per-
pendicular to the cross section plane, one on each side. The static magnetic field in each enclosure is controlled by coils integrated in the top lid, which are highlighted via the
black X symbols. (b) Optical image of the qubit-chip above the control chip in e1, without a coupler chip present. (c)—(e) Design layouts of the qubit, coupler, and control chips,
respectively. The QR system consists of a generalized flux qubit inductively coupled to a readout resonator, as described in Ref. 26. The QR system is indicated by the red
frames in panels (c) and (d). Two capacitive extenders are capacitively coupled to the qubit junction electrodes to enable capacitive coupling to the adjacent chips via the skele-
tal shaped pads. The middle pad in panel (c) is used to couple the QR system to the input—output control chip shown in panel (e). The bandpass filter implemented by the
meandered inductor and finger capacitor visible in the center of the chip in panel (d) is used to reduce Purcell decay.””** Through pulses on the flux bias line (FBL) visible in
panel (d), the frequency of the coupler qubit is tunable. The color legend indicates the material used for each circuit element: blue for aluminum (Al) and purple for Al covered
with granular aluminum (grAl). (f) Optical image of the fully equipped sample box and schematics of the reflection measurement setup in a magnetically shielded environment
at 10 mK. The FBL is connected to a bulk commercial low-pass filter with a cutoff frequency of 300 MHz. (g) Circuit diagram of the coupled qubit array. Each qubit chip (chips 1
and 3) contains a QR system™ with a corresponding bandpass filter [cf. panel (d)] on its control chip (chips 4 and 5, respectively). The QR used as coupler is located on-chip
2. The coupling capacitances Cyy, Cy3, Cy4, and Css bridge the gaps between individual chips, enabling a modular flip-chip architecture. The capacitance Cy3 is not imple-
mented on the chips and represents the direct capacitive coupling between the outer qubits.

Appl. Phys. Lett. 126, 134003 (2025); doi: 10.1063/5.0245667
© Author(s) 2025

126, 134003-2

21:61:80 6202 udv 62


pubs.aip.org/aip/apl

Applied Physics Letters

inside the enclosures. We fix the bottom chips with titanium or copper
screws to the sample box and wire bond to the coaxial ports. The ped-
estals define the d = 5010 um gap between the top and bottom
chips, avoiding cold-welded bump bonds or on-chip spacers. The
qubit chips contain a QR system, as described in Ref. 26, to which we
add capacitive extenders that reach into the adjacent enclosures
[see Figs. 1(b) and 1(c)]. The pads at the end of the extenders and in
the center of the chips are used for capacitive coupling across
the gap between the chips, which is discussed in more detail in the
supplementary material. We chose a skeletal pattern for the pads to
avoid flux trapping. The coupler chip in €2 also houses a QR system
connected via capacitive extenders to pads [see Fig. 1(d)], aligned with
the corresponding neighboring qubits’ coupling pads. Details of the
fabrication can be found in the supplementary material.

The control chips below each qubit chip in el and e3 accommo-
date a bond pad, capacitively coupled to a bandpass filter, which is con-
nected to a capacitive pad in the center of the qubit chip [see Fig. 1(e)].
The bandpass filter reduces Purcell decay””** and enables the coupling
of the readout mode to the coaxial input port (see the supplementary
material). The control structures for the coupler, which consist of a fast
flux bias line (FBL) and a readout line as shown in Fig. 1(d), are on the
same chip. The FBL on the center coupler chip is wire-bonded to a
coaxial cable, which is equipped with a 300 MHz low-pass filter.

The picture in Fig. 1(f) shows an open sample box made of cop-
per, and it provides an overview of the entire assembly of five chips,
which is further enclosed in a magnetic shield”’ and thermally
anchored to the baseplate of a dilution cryostat. We show an equiva-
lent circuit diagram of the assembly in Fig. 1(g). Note that the three
individual enclosures are defined by the lid, which is not visible in the
picture. The simplified schematics of the microwave readout and con-
trol lines are also shown in Fig. 1(f). We perform individual qubit read-
out by probing the readout resonators on the qubit chips in reflection.
We use dimer Josephson junction array parametric amplifiers
(DJJAAs)™ for the readout of the two qubits in el and e3. Qubit con-
trol pulses are also send through the readout lines. Simultaneous read-
out and single qubit 7-pulse calibration measurement are shown in the
supplementary material.

o
N

qubit 1 b)

coupler (qubit 2) c)
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We show the measured two-tone spectroscopy for the qubits and
coupler close to their half-flux points (i.e., the magnetic flux sweet
spots) in Fig. 2. Their frequencies can be tuned independently via the
three magnetic field coils, after calibrating the static magnetic field
crosstalks. To operate the device, we define the idle points to be the
sweet spots of qubit 1 and coupler, which are at fg; = 3.689 GHz and
fe = 3.437 GHz, respectively. Exploiting the fact that the qubits are iso-
lated in distant enclosures, we chose to operate qubits 1 and 3 on reso-
nance. To turn on coupling between qubits 1 and 3, we play fast flux
pulses on the FBL to tune the coupler closer to the qubits 1 and 3 bias
points.

In view of the fact that we operate the qubits on resonance, it is
paramount to know the isolation and crosstalk between the enclosures
when the coupling is turned off. Figure 3(a) illustrates schematically
the crosstalk present in our system. To identify the port-to-resonator
isolation, we drive resonator 1 (f;; = 6.508 GHz) and resonator 3
(frs = 5.226 GHz) through the readout port of e3. We measure
readout-induced dephasing for both qubits via Ramsey interferometry
vs drive power and drive frequency and fit it to a dispersive model,”'
detailed in the supplementary material. We extract the isolation
between enclosures from the ratio of power transmission coefficients.
Fitting the measured data shown in Fig. 3, we obtain an isolation of
64 0.5 dB.

To test qubit control crosstalk, we drive via port 3 and measure
Rabi oscillations vs drive amplitude on both qubits for a 1 us long
pulse. We fit the linear dependence of the measured Rabi frequencies
Q; with applied drive amplitude, as shown in Fig. 3(c). Following
Refs. 20 and 32, we extract a port-to-qubit crosstalk, also known as
qubit drive selectivity, of

Q 2
10log,, (Q—:) ~ —60dB, (1)

which allows to drive simultaneous Rabi oscillations of qubit 1 and
qubit 3 on resonance (fg; = fq3) with less than 19/, crosstalk error.

We quantify the longitudinal interaction between qubits 1 and 3
by measuring Ramsey fringes on qubit 1, with and without playing a

qubit 3
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FIG. 2. Overview of qubit and coupler spectra with bias points (bp). The measured (circles) and fitted (lines) spectra of (a) qubit 1 (91, blue) in e1, (b) the coupler (c, orange)—
i.e., qubit 2—in €2, and (c) qubit 3 (93, red) in e3 vs the external flux My through the respective qubit/coupler loops are shown. During all experiments, both qubits (q1 and g3)
are operated at a frequency of fy = fy3 ~ 3.689 GHz [see the corresponding bp in panels (a) and (c)], corresponding to the half-flux point of q1 (exiq1 = Po/2). To switch
the coupler off, coil 2 is used to park the coupler at its half-flux point (®eyc = ®o/2), corresponding to bp off at a frequency of 3.437 GHz. To switch the coupler on, a DC pulse
is played on the FBL, aligning f; at bp on, resonant with f;; and fy3.
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applied at port 3 (solid red lines). Port-to-qubit and port-to-resonator crosstalk affects qubit 1 and resonator 1 when driving on resonance through port 3 (dashed blue lines). (b)
Measurement-induced dephasing rate 7, of qubit 1 (blue) and qubit 3 (red), vs power at port 3. The dephasing rate is extracted from damped Ramsey fringes and fitted to a
dispersive model, see the supplementary material. We measure an isolation between enclosures 1 and 3 of 64+0.5dB. The black arrow is a qualitative guide to the eye. (c)
Rabi frequencies Q of qubit 1 (blue) and qubit 3 (red) extracted from Rabi oscillations induced by driving at port 3. The measured port-to-qubit isolation is 60 dB. (d)
Simultaneous driving of qubits 1 and 3 biased on resonance (fy; = fy3 = 3.689 GHz) with the coupler switched off (f, = 3.437 GHz). The x- and y-axis depict the drive ampli-
tudes at port 1 and port 3, respectively. The qubits can be manipulated independently while being on resonance. (e) Measured zz-crosstalk between qubit 1 and qubit 3. We
extract ofy; from the difference of Ramsey fringe frequency of qubit 1 when the qubit 3 population is inverted. From a Gaussian fit to the measured ofy; histogram we extract

ofyy = —0.7%0.5kHz.

n-pulse on qubit 3. The measured shifts in qubit 1 frequencies, dofq,
are summarized in Fig. 3(d). The resulting zz-crosstalk is described by
a Gaussian distribution with an average dfy; = —0.7kHz and stan-
dard deviation ¢ = 0.5 kHz.

Compared to state-of-the-art conventional flip-chip architectures
based on coplanar waveguide architectures,” the isolation presented
here is several orders of magnitude larger. Compared to similar archi-
tectures based on 3D-integrated floating chips in enclosures,” the iso-
lation is at least comparable or one order of magnitude larger on
average. This proves the effective screening of microwave signals across
the enclosures, even while capacitive extenders between the enclosures
are present and while the qubits are operated on resonance.

The effective transverse coupling strength g between qubits 1
and 3 can be tuned by adapting the coupler detuning Af. = f. — fq1.
To illustrate this, we show the measured gfgf in Fig. 4, which are
obtained from two-tone spectroscopic measurements of avoided level
splitting between qubits 1 and 3 for different coupler detunings (see
the supplementary material). By applying a Schrieffer-Wolff transfor-
mation (SWT) to the coupled three-qubit array, we obtain an effective
two-qubit model.”>** The SW'T can be calculated numerically without
approximation as explained in Ref. 33 and analytically using second-
order perturbation, as detailed in the supplementary material. The
continuous and dashed lines in Fig. 4 show fits of the SWT model to
the measured g¢f using two parameters: the effective qubit-coupler
Cpp, =Cy~02 fF and direct qubit-qubit Cj3 ~5aF coupling
capacitances, which are given by the combination of capacitive extend-
ers and shunting capacitances via ground [cf. Fig. 1(g)]. The individual
qubit and coupler parameters are obtained from separate fits of
their flux-dependent spectra”® and summarized in the supplementary
material. As expected, perturbation theory fails to predict the level
splitting close to resonance, whereas the numerical results capture the
tunability of the effective qubit-qubit coupling correctly.

numerical

=== analytical
37 Q data

g5% (MHz)
—_

0.3 1

-20 0 20 40 60
Af. (MHz)

—60 —40

FIG. 4. Effective qubit-qubit coupling strength g%f vs coupler detuning Af;. The
data points show the measured coupling strength between q1 and g3 that are oper-
ated on resonance (fy = fy3 = 3.689 GHz) for different coupler detunings Af;. The
errorbars represent the spectroscopic linewidth of the f-transition used to measure
the level splittings. The numerical (continuous) and analytical (dashed) theoretical
curves correspond to an effective two-qubit model obtained using a Schrieffer-Wolff
transformation, as detailed in the supplementary material.
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The coupling strength g3 = 2.5 MHz is maximal on resonance,
confirming the measured qubit population swap frequency
foswap ~ 10 MHz = 4g}3™, as detailed in the supplementary material.
At the coupler sweet spot, which corresponds to a detuning of
Af. = —252 MHz, we measure a residual gif = 50kHz, correspond-
ing to an ON/OFF ratio of 50 (see the supplementary material). In
future experiments, the ON/OFF ratio can be optimized by designing
the coupling capacitors Cj, and C,; in such a way that the direct
charge interaction between qubits 1 and 3, represented by a parasitic
Ci3, cancels with the one mediated by the coupler, similarly to Ref. 35.

In summary, we have demonstrated a linear array of three cou-
pled flux qubits, each on a dedicated chip in a separate microwave
enclosure, which ensures low microwave crosstalk between the outer-
most enclosures, below —60 dB. We leverage this isolation and operate
the qubits on resonance, using the center qubit as flux-tunable coupler.
As a result, the architecture provides strong isolation while offering
tunable coupling at the same time. In addition, the system is fully mod-
ular and allows for the substitution and reassembly of individual circuit
parts. In the future, this architecture can be used to implement two-
qubit gates on resonant qubits by using the coupler off-resonantly’*”
or to investigate novel gate schemes including the coupler degree of
freedom. The one qubit one enclosure concept presented here is directly
scalable in two dimensions (see the supplementary material) and could
potentially be miniaturized using micromachining techniques.””***'

See the supplementary material for more details on the capacitive
coupling between the chips including corresponding finite-element
simulations, the fabrication procedure, the readout and single qubit
gate fidelity, the power calibration used to calculate the dephasing rate
Ym> the avoided level crossings between the qubits from which we
extract the effective qubit-qubit coupling gff, the Schrieffer-Wolff
transformation used to predict g¢ff, the qubit spectra and parameters,
the population transfer between the qubits, and the scaling of the
architecture in two dimensions.
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