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Q uantum computers are expected 
to unlock information process-
ing capabilities and speed up 

simulation times to rates that cannot be 
achieved by classical computers [1]. But 
the technology is still in its nascent stages 

compared to the aspirations of achieving 
large-scale fault-tolerant computing.

Today’s noisy intermediate-scale 
quantum algorithms [2] can solve a few 
specific problems in chemistry, mate-
rial science, and machine learning faster 
than their classical counterparts. How-
ever, the noise and overhead of current 
systems affect their general applicability.

Quantum hardware development is 
limited by the qubit count (presently 
~100) [3], [4], error rates, and coherence 
times. Integration remains a major chal-
lenge to demonstrating systems at scale. 
Multiple approaches for qubit platforms 
include superconducting qubits [5], 
semiconductor spins [6], trapped ions 
[7], neutral atoms [8], photonics [9], and 
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color centers in diamond [10], [11]. Each 
has its tradeoffs in terms of scalability, 
error rates, connectivity, and operation 
temperature, as discussed below.

Qubit Size
Over the last two decades, tremendous 
progress in superconducting qubits has 
resulted in their becoming mainstream. 
Superconducting qubits [5] can provide 
fast and high-fidelity control and read-
out with great tunability. More recently, 
superconducting qubits have been fabri-
cated via industrial processes on 300-mm 
wafers [5]. However, the size of the 
qubit is on the order of millimeters, dic-
tated by the size of microwave resona-
tors and capacitors, and the large size 
could be a showstopper for a large-scale 
superconducting quantum computing 
chip. For example, 1 million qubits 
would require a surface area of 1 m2, 
which would not fit in a dilution fridge. 
Therefore, other qubit platforms that 
require less area have emerged as seri-
ous contenders. These include, and may 
not be limited to, spin qubits in semi-
conductors [6] and diamond [10], [11].

Crosstalk
Will we solve the problem of scalability 
if we employ a smaller-sized qubit, like 
Moore’s law scaling of semiconductor 
devices and circuits? The answer is no, 
as we have a specific challenge in a 
quantum computing chip. Because a 
qubit consists of a few small particles, it 
is naturally prone to noise, such as 
charge or magnetic field. When tiny 
qubits are densely packed in a small 
space, the noise from neighboring qubits 
acts as the noise source, and this reduces 
the fidelity or increases the error rate. 
On the other hand, having a larger dis-
tance between qubits is less attractive for 
reasons stated above. Therefore, it is 
preferable to have high scalability and 
small crosstalk between qubits. The ulti-
mate approach could be a modular quan-
tum computing architecture [12], [13], 
[14], [15], as shown in Figure 1, which is 
devised with long-range quantum links 
connecting many modules having only a 
few qubits. The advantage of a modular 
quantum computing architecture is that 
the number of qubits can be increased 

by repeating the module without deterio-
rating the fidelity because the noise can 
be kept to a minimum.

Connectivity
Another issue is the connectivity 
between qubits/modules. In modern 
classical high-performance computing, 
performance relies very much on par-
allelization by interconnects among 
MPUs. In quantum computers, connec-
tivity is even more critical and benefi-
cial because it determines how qubits 
can interact with one another to deliver 
entanglement and superposition capa-
bility. This interaction is necessary for 
performing quantum operations and 
executing quantum algorithms. The 
logical states of N qubits can increase 
exponentially by 2N. One can reduce 
the qubit resource for fault-tolerant 
quantum computers with high connec-
tivity. While the mainstream supercon-
ducting qubit system is limited by 
nearest-neighbor entanglement [3], [4], 
optically active spin systems, such as 

ion traps [7], neutral atoms [8], and 
color centers in diamond [10], [11], are 
capable of beyond-nearest-neighbor 
and even all-to-all entanglement [16]. 
Optical quantum links enabling long-
range entanglement [17] can be used 
for interconnecting modules on chip. 
Here, on-chip photonics ICs [18] will 
become a key enabling technology. 
Furthermore, quantum computing 
chiplets could be integrated on an elec-
tro-optical interposer, analogous to 3D 
heterogeneous packaging in electronic 
semiconductors.

Wiring/Thermal
The last, but not the least, among the 
challenges is the wiring, which is relat-
ed to the need for a cryogenic tempera-
ture for most qubits. To control and read 
the state of a qubit, electrical wires need 
to be connected from electronics at 
room temperature (RT) to nearby qubits 
at close to 0 K inside a cryostat. Many 
types of qubits operate in a microwave 
frequency range to control the state and 

DigitalMW ADC
Cryo-CMOS
Control/Readout

MUX MUX

Quantum
Processor Unit

Quantum Link Qubit

FIGURE 1. A modular quantum computing chip with spins, with 3D integrated control/
readout circuits. The quantum processor unit consists of modules of arrays of qubits 
(red arrows and circles) that are connected by quantum links. The qubits are controlled 
by the chip bonded above, which generates microwave (MW) signals. The analog signals 
of the qubits are read and converted to digital signals via an ADC. The incoming serial 
digital signals are demultiplexed to parallel signals by a MUX and fed into the qubits and/
or the MW generator. Those control and readout circuits can be made with a CMOS chip 
operating at cryogenic temperature (cryo-CMOS).
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need thick and bulky superconducting 
RF coaxial cables. Already, the current 
quantum computing chip with super-
conducting qubits employs a fan-out 
and vertical connection with TSVs [19] 
from the back side instead of the tradi-
tional wire bonds. However, the pins for 
coaxial cable are even larger than the 
superconducting qubits, which prohibits 
high-density wiring for a large-scale 
quantum computer. Another problem is 
the heat dissipation from RT to qubits 
through many cables, as the cooling 
power of the dilution fridge is limited. 
A possible solution could be to include 
CMOS control electronics near qubits 
operating at cryogenic temperature 
(cryo-CMOS) [13], [14], [20], [21] or 
control electronics made by supercon-
ductors [22], which can demultiplex the 
signals and, hence, reduce the number 
of wires significantly. Integration of a 
microwave generator and DAC [23] will 
be even more beneficial. Here, ultralow-
power operation is the key challenge. If 
the classical chip is flip-chipped on the 
qubit plane via superconducting micro-
bumps [14], [19], [24], it will be even 
more scalable. Another solution is to 
scale the operation temperature. Many 
superconducting and semiconductor 
qubits require an operation temperature 
of ~100 mK. Other qubits, such as color 
centers in diamond, trapped ions, and 
photonic qubits, operate at higher 
temperatures, and this will alleviate the 
cooling power limitation and, hence, the 
issue of the integration of qubit and 
cryo-CMOS chips.

In summary, the four integration 
technology challenges of a large-scale 
quantum computing chip must be 
addressed simultaneously; however, 
there is no one-size-fits-all solution. 
This is why much research and develop-
ment are required, and it is difficult to 
predict at this stage how the field will 
evolve. However, one thing is evident: 
electron device technologies play a key 
role in resolving these issues. To make 
R&D activities more effective, we need a 
community. The IEEE Electron Devices 
Society has formed the Quantum Tech-
nology Technical Committee, and we 
will keep supporting industry and aca-
demia toward a quantum-enabled future. 
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