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Abstract: We demonstrate a scalable quantum information processing architecture consisting of a
planar array of tin-vacancy (SnV) centers, tunable across a thousand diamond cavities integrated
on a control chip based on a commercial foundry process. © 2022 The Author(s)

1. Introduction

A central challenge in quantum information processing is to generate a large-scale entanglement of quantum systems.
A leading quantum information processing platform consists of qubits in the form of spin states of color centers in
diamond, which has enabled essential demonstrations of quantum information processing [ 1]. However, it is estimated
that for general-purpose quantum information processors, millions to billions of qubits will be required, motivating
the need for hardware architectures that are highly scalable by leveraging modern semiconductor integrated systems.

Here, we demonstrate a scalable quantum information processing hardware architecture in a proof of concept
consisting of a 2D array of SnV centers, addressable and tunable across a thousand diamond cavities integrated on a
CMOS control chip based on a foundry process. We demonstrate core capabilities including tuning of color center
emission wavelength, spin initialization, single-shot spin readout, and coherent optical lines collection. With near-
coherent optical properties demonstrated across thousands of SnV centers in the system, this hardware architecture
promises high-speed and high-fidelity entanglement distribution over millions of qubits.

2. Tables and Figures

Color centers in a diamond can serve as a scalable solid-state qubit with promising optical and spin properties [1].
However, the poor photon collection efficiency from bulk diamond and the inhomogeneous distribution of the color
centers’ zero-phonon line (ZPL) restrict the remote entanglement generation speed and fidelity. Parallel emitter
wavelength tuning is necessary for improving the indistinguishability among different emitters. For the first time, we
combine high-quality diamond quantum microchiplets with standard foundry process chips, which can provide
complex routing of the electrical control signal, to experimentally demonstrate a scalable, programmable quantum
emitter array with an efficient spin photon interface, which will benefit the future large-scale quantum information
processing efforts. We are using the following steps to implement such a freely scalable hardware architecture:

To produce the quantum microchiplets, we generate SnV centers in diamond by ion implantation and high-
temperature annealing. Then, we fabricate suspended perturbative diamond cavity arrays by electron-beam
lithography and dry etch the diamond using a quasi-isotropic process [2]. The implantation is at a high dose to
guarantee a few emitters located at each cavity region on average. These diamond cavities are connected in groups of
16 via mechanical trusses in order to parallelize the subsequent integration process.

Separately, we design a complementary metal-oxide-semiconductor (CMOS) chip fabricated by the Taiwan
Semiconductor Manufacturing Company (TSMC) 0.18 um process. We remove the fluorescent surface layer on the
CMOS chip by CF4 reactive-ion etching (RIE) and we do photolithography followed by the RIE etching of the spacing
material to form the chiplet locking structure, chiplet platform region, and wire bonding region subsequently. We
apply a combination of wet etches to remove the top copper layer, TaN barrier layer, and tungsten via, exposing the
chiplet locking structure on the top of the chip as shown in Fig 1(a) and Fig 1(b).

A key step for this hybrid platform is the scalable integration technology, developed by flipping the diamond
parent chip and aligning it with the chiplet locking structure fabricated on the CMOS chip region. When the chiplets
are aligned to the chiplet locking region as shown in Fig. 1(c), we move the parent bulk diamond vertically (step (1))
and horizontally (step (2)) in order to break the weak connecting hinges between the diamond quantum microchiplet
and the bulk diamond. This enables the transfer of a thousand diamond cavities at once to the CMOS chip socket
shown in Fig. 1 (d-g). By designing a larger CMOS chip and corresponding diamond parent chip, such a method can
enable larger-scale hybrid integration compatible with various diamond quantum microchiplet designs, to enable more
physical qubits integrated into the system.
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For the strain tuning capability, we do further photolithography followed by an e-beam evaporation of Au/T1i after
the diamond chiplet is transferred. The Au/Ti will not only provide a better bonding interface on the CMOS copper,
but also the capability of capacitive strain tuning for diamond cavities [3].
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Fig. 1. (a) The CMOS chip after surface post-processing. (b) Representation of the CMOS chip region marked
by the white box in (a) with chiplet locking structure and metal routing. (¢) Schematic illustration of the hybrid
integration between the diamond parent chip and the CMOS chip. (d) Optical microscope image of the 1024
diamond cavities integrated on the control chip. (e) Optical microscope image of the white box in (d) showing
the 2 by 2 diamond quantum microchiplets with 16 cavities per chiplet. (f) SEM image of the white box in (e)
shows the center of the single chiplet region. (g) Zoom-in SEM image of the white box in (f) shows the
perturbative cavity design in the chiplet.

The perturbative cavity is simulated and optimized with finite-difference time-domain calculation in Lumerical
for optimal free space collection, which can provide over 78% collection efficiency under NA = 0.5 objective lens or
96% collection efficiency under NA = 0.9 objective lens, assuming a perfect back metal reflector at a controlled
distance. The efficient spin-photon interface is crucial for high-speed entanglement generation and the practicality of
the distillation protocols [4,5]. By electrostatically actuating the diamond cavities, we also demonstrate the tuning of
the ZPL frequency, which will be crucial for generating indistinguishable photons. We optically manipulate multiple
emitters at the same time using a spatial light modulator (SLM), which can generate multiple beams on the device
enabling the initialization and readout of the spins in the field of view. The coherent photon emission can be collected
with a fiber array with microlens matching the pitch of the cavity array after optical magnification in free space. The
fiber-coupled signal can be further processed using photonic routers like optical switches based on micro-
electromechanical systems and Mach-Zehnder modulators which can reconfigure the photon interaction among
various fiber array channels.
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