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This paper presents a design and fabrication process of a cryogenic multiplexing
control chip (MCC) for superconducting quantum computers. The working
temperature of MCC can be 10 ~ 30 mK, because it could be integrated with
quantum processor in the same package. With a multiplexing ratio of 1:4 and
designed working frequency 4–8 GHz, theMCC is a non-reciprocity device which
consisted of bandpass filters and isolators, which are based on tunable inductor
bridges (TIB). The MCC chip size is 6 × 6mm2 and includes λ/2 coplanar
waveguides resonators, superconducting quantum interference device arrays,
capacitors, low pass filters, baluns and bias lines. Adopting self-aligned process
of Josephson junctions, the fabrication of MCC constitutes four lithography
masks. The modular design of MCC could facilitate the development of large-
scale superconducting quantum computers.
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1 Introduction

Superconducting quantum computers are typically operated by microwave control
and dispersive readout of transmon qubits in a circuit quantum electrodynamic
architecture [1–8]. As the quantum processors scale up relentlessly, the requisite
number of microwave control lines increases linearly with the number of the qubits
[9,10]. By adopting frequency-domain multiplexing dispersive readout of qubits, a
single readout line can be used to deal with multiple probe tones, thus mitigating the
demand of microwave cable chains in the readout modules [11,12]. Fitting enough
microwave control lines at the base temperature region of a dilution refrigerator is one
eventual bottleneck associated with building a scalable quantum computer [13–15].
The bottleneck has been aimed to be resolved by several approaches, such as cryogenic
complementary metal oxide semiconductors (cryo-CMOS) device [15–18], photonic
link (PL) [19], single flux quantum (SFQ) digital logic [20,21]. Our group has
presented a proposal for a cryogenic multiplexing control chip (MCC), which is a
nonreciprocal device and composed of tunable inductor bridges (TIB) based on
SQUID arrays [22]. There are XY and Z two kinds single-qubit control operations
of superconducting quantum processor. The MCC chip can support the XY
multiplexing frequency control. In addition, the MCC can separate different
frequencies of superconducting qubits into different channels with very low
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crosstalk (−80 dB) and the qubits are protected from
interference. The MCC is to be working at a temperature of
20 mK, and could be directly integrated with the quantum
processor in one package [22] or removed separately from
the cryogenic system and act as an independent
chip. Although there were demonstrations for cryo-CMOS,
PL and SFQ approaches, however, an experimental
realization for MCC is still in need. The design and
fabrication of MCC would be a substantial challenge with the
increasing number of superconducting quantum interference
device (SQUID) arrays and the complicity of interconnections
among them.

In this work, a design and fabrication process for a cryogenic on-
chipMCCworking at 20 mKwithmultiplex ratio of 1:4 and working
frequency 4–8 GHz is presented. The electric circuit and the layout
design are described. The band pass filters (BPFs) are implemented
by λ/2 coplanar waveguides (CPW) resonators and a set of cosine
and sine bias lines are shared by four tunable superconducting
isolators. The MCC footprint is 6 × 6 mm2 and the fabrication
process has been carried out by using a set of four lithographical
masks based on a self-aligned technique for Josephson
junctions (JJs).

In the following, Section 2 presents circuit and layout design of
MCC. Section 3 gives the fabrication process and results of MCC.
The paper is concluded in Section 4.

2 Circuit and layout design

A sketch of MCCs and their utilization in superconducting
quantum computer is depicted in Figure 1. The input control
multiplexed signal is distributed to a series of MCCs (MCC-1,
. . . , MCC-n). Each MCC is composed of BPFs and tunable
superconducting isolators [22]. The frequency-domain
demultiplexed microwave signals are routed to the XY
control ports of superconducting qubits on a quantum
processor. The colorful crosses in the quantum processor
mean qubits with different frequencies. Because the MCC is
based on frequency domain multiplexing, the set of qubits
being controlled by a single MCC chip should be tuned to
different frequencies in according to the frequency spectrum of
the MCC.

The electric circuit of MCC with multiplex ratio 1:4 is given in
Figure 2A. Various kinds of BPFs, e.g., Bessel BPF, Butterworth
BPF and Chebyshev BPF of MCC were simulated [22]. Here, the
BPFs are implemented by λ/2 CPW resonators. Therefore, MCC
is composed of λ/2 CPW resonators and superconducting
isolators, which consist of nonlinear inductors and capacitors.
Each nonlinear inductor is comprised of a SQUID array [22,23].
The resonators in different colors implement BPFs of different
central frequencies for a coarse selection of band-passing
frequency.

In order to adjust the center frequency of MCC more efficiently,
a tricky challenge to the layout design of MCC is to use as few
numbers of bias line as possible. To meet this challenge, a pair of
cosine and sine bias lines is shared by the 4 isolators, as shown in
Figure 2B. A set of sine and cosine bias lines create magnetic flux for
tuning the inductance of the SQUID loops, thus the center
frequencies of TIBs in the superconducting isolators are tunable
simultaneously [22–24]. Consequently, the isolator can choose the
band-passing frequency accurately and prevent the crosstalk due to
the reflection of control signals from qubits [22,23]. In addition, to
generate a uniform magnetic flux, an on-chip coil is designed to
surround all of the isolators in MCC [23], instead of adopting an off-
chip coil [24–28].

Figure 3 illustrates the layout and detailed components of MCC.
An overall layout of MCC with a footprint of 6 × 6 mm2 is shown in
Figure 3A, which involves five microwave ports (Port 1—Port 5),
eight low frequency and DC ports (pads 1–8). The core area contains
four tunable isolators which are composed of SQUID arrays. Apart
from the core area, the MCC also includes four CPW λ/2 resonators
acting as BPF for frequency selection [22], eight Au strips function as
50Ω matching resistors, eight LPFs, eight baluns, an on-chip coil, a
pair of cosine and sine bias lines. The 50Ω port matching impedance
are implemented by Au metal as displayed in Figure 3B. Table 1 lists
the footprint and numbers of various components of MCC.

In order to share a common set of cosine and sine bias lines by
the four isolators, a specific layout [27] has been adopted and
modified for the design of MCC. The bias lines run through
along with these SQUID arrays, as depicted in Figure 3C, where
JJs are indicated by gray circles. It is notable that large rectangular JJs
are utilized as contacting vias between different metal layers. To
reduce the losses introduced by coupling the bias lines to the circuits,
LPFs are inserted into the bias lines as they enter and exit the MCC,
as exhibited in Figure 3D. Balun is an essential component for

FIGURE 1
Sketch of MCCs and their connection with superconducting
quantum processor.
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balancing between CPW andmicrostrip lines, as shown in Figure 3E.
To prevent trapping flux vortices, a 5 μm width of the wiring lines is
designed. Table 2 lists the parameters of various components of
MCC, where the mutual inductance of baluns and the self-
inductance of LPFs are calculated by InductEX @ software.

3 Fabrication process

The MCC is a relatively complicated multi-layer circuit which is
completed in seven steps, including four-mask standard
photolithography. Figure 4 shows the cross-sectional view of
process flows and microscopic images of intermediate fabrication
process of MCC, which includes SQUID, capacitor and normal
metal.

Step 1: A 4-inch double-sided polished Si (100) wafer is
prepared. A 400 nm-thick SiO2 film is grown on both sides of
the wafer by thermal oxidation.

Step 2: After the first lithography, the standard Nb/Al-AlOx/Nb
tri-layer process [23,29] with thickness 150 nm/10 nm/150 nm is
performed by DC magnetron sputtering method. The oxidization of
Al is carried out in an O2 pressure of 400 mTorr at 20°C for about
5 h. This yields a critical current density of Jc ≈ 0.4 A/cm2 for the
Josephson junctions. Then the primary base electrode pattern is
accomplished by lift-off technology in Figure 4A1, where the layer
stack-up of the tri-layer is displayed on the left column under the
label of SQUID. The corresponding optical microscopic top view is
displayed in Figure 4A2.

Step 3: As shown in Figure 4B1, by using reactive ion etching
(RIE) with SF6 gas (60 mTorr and 200 sccm @ 30W), the counter

FIGURE 2
Electric circuit and schematic layout of MCC. (A) Diagrammatic electric circuit of MCC with multiplex ratio 1:4. The resonators in different colors
implement BPFs of different central frequencies. (B) Schematic layout of MCC. The λ/2 CPW resonators are connected with baluns. Then the microwave
signals enter the superconducting tunable isolators and exit to baluns before outputting to Ports 2–5.
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electrode Nb film is etched to define JJ after the second lithography.
Wet etching is adopted for the Al-AlOx film with 80% phosphoric
acid. This forms JJ and base electrode of capacitors. Figure 4B2 gives
the corresponding optical microscopic top view, where the red
dashed-line box indicates unfinished SQUID arrays.

Step 4: A 250 nm-thick SiO2 film is grown by RF magnetron
sputtering as an isolation layer and the dielectric of capacitors.
Lift-off technology is used to remove the unwanted SiO2, as
illustrated in Figure 4C1. It is noticeable that, by removing the
SiO2 layer above the counter electrodes of JJ, the contacting via-
holes are constructed in a self-aligned manner [23,29]. Actually,
large JJs are also utilized as contacting vias between different
metal layers. Figure 4C2 shows the corresponding microscopic
images and the inset is unfinished SQUID arrays with exposed
counter electrodes (white circular dots).

Step 5: A 500 nm-thick Nb film is deposited by DC magnetron
sputtering before a third lithography. Then the Nb film is etched by
RIE, which can achieve wiring layer for connecting JJ in SQUID
arrays, bias lines and the counter electrodes of capacitors, as
exhibited in Figure 4D1. Figure 4D2 illustrates the corresponding

FIGURE 3
Layout design ofMCC. (A)MCCoverall layout. (B) Au strip functioned as 50 Ω impedancematching resistor. (C) Two sets of SQUID array where the Josephson
junctions (JJ) are indicatedbygray circles, and thebias lines run throughalongwith these SQUIDarrays. It is noticeable that, a largeJJof rectangular shape is utilized as
contacting via of the bias lines on different layers. (D) A spiral inductor of about 15.6 nH acting as an LPF. (E) Balun for balancing the CPW and microstrip line.

TABLE 1 The layout footprint of MCC.

Component Quantity Area per component (mm2) Total footprint (mm2)

Core area 1 0.60 × 2.90 1.74

CPW λ/2 resonator 4 0.60 × 1.70 4.08

JJ 1,536 9.62 × 10−6 0.015

LPF 8 0.24 × 0.20 0.38

Balun 8 0.39 × 0.42 1.31

Pad 13 0.30 × 0.30 1.17

TABLE 2 The parameters of MCC.

Component Property Symbol Value

JJ Critical current Ic 1.91 μA

SQUID Loop area A 16.5 μm2

Balun Mutual inductance M12 6.03 nH

LPF Self-inductance L 15.59 nH

CPW λ/2 resonator Frequency f1 6.22 GHz

f2 6.71 GHz

f3 7.03 GHz

f4 7.38 GHz

Parallel-plate capacitor Capacitance C1 2.0 pF

C2 1.5 pF

C3 1.0 pF

C4 0.5 pF
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FIGURE 4
Cross-sectional view of process flows andmicroscopic image of intermediate fabrication process of MCC. (A1) Tri-layer Nb/Al-AlOx/Nb deposition
and lift-off by using lithography mask #1. (B1) Junction definition by using lithography mask #2 and etching counter electrode Nb film with dry etching
and Al-AlOx film with wet etching. (C1) RF sputtering deposition of SiO2 film and lift-off. (D1) DC sputtering deposition of the secondary Nb wiring layer
and RIE etching by using lithography mask #3. (E1) Magnetron sputtering deposition of Au film and lift-off by using lithography mask #4. (A2–E2)
The microscopic images of intermediate fabrication process corresponding to (A1–E1).
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optical microscopic top view, and the SQUID arrays are completed
as shown in the yellow dashed-line box.

Step 6: A 225 μm-thick Au film is prepared by magnetron
sputtering after the fourth photolithography, and the Au normal
metal pattern is achieved by lift-off, as shown in Figures 4E1, E2.

Step 7: Finally, a 600 nm-thick Al film is prepared by DC
magnetron sputtering on the back side of the wafer as ground
plate for the microstrip line [23].

The entire fabrication process of MCC is accomplished and
all steps are compatible with the semiconductor process.
According to the microscope inspection, the success rate of
MCC is about 88%. In this fabrication process, instead of
using plasma enhanced chemical vapor deposition (PECVD)
SiO2 film as the dielectric layer of capacitors [27,29], the
sputtering SiO2 film is adopted both as isolation layer and
dielectric layer of capacitors. As another key feature of the
present process, large JJs are utilized as contacting vias
between different metal layers. These process modifications
are helpful to simplify the fabrication cycle in the initial
research stage.

Figure 5A exhibits an optical micrograph of the completedMCC
chip. The λ/2 CPW resonator is shown in Figure 5B. Detailed
microphotographs of 50Ω Au matching resistor is displayed in
Figure 5C. Optical image and scanning electron microscope (SEM)
image of SQUID arrays and bias lines are presented in Figures 5D, E,
respectively.

4 Conclusion

In summary, this paper presents a design and fabrication process
of a cryogenic MCC for the multiplexing XY control of
superconducting quantum computers. With a frequency domain

multiplexing ratio of 1:4 and designed working frequency between
4 and 8 GHz, the MCC is consisted of BPFs and isolators. The BPFs
are implemented by λ/2 CPW resonators and the isolators are
constructed by tunable inductor bridges based on SQUID arrays.
The footprint of MCC is 6 × 6 mm2 which includes four λ/2 CPW
resonators, 64 arrays of SQUIDs, eight capacitors, eight normal
metal resistors, eight LPFs, eight baluns, a set of cosine bias line and
sine bias line. Being compatible with semiconductor technology, the
fabrication of MCC constitutes a set of four lithography masks and
adopts self-aligned process of Josephson junctions. The on-chip
cryogenic MCC could be integrated with the superconducting qubits
on the same package at the base temperature stage (10 ~ 30 mK) of a
dilution refrigerator. The modular design of MCC could greatly
reduce the number of microwave control lines and is hopeful to
mitigate the interconnecting bottleneck problem towards the
scaling-up of superconducting quantum computers.
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FIGURE 5
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image of SQUID arrays and bias lines.
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