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            Abstract
A central challenge in developing quantum computers and long-range quantum networks is the distribution of entanglement across many individually controllable qubits1. Colour centres in diamond have emerged as leading solid-state â€˜artificial atomâ€™ qubits2,3 because they enable on-demand remote entanglement4, coherent control of over ten ancillae qubits with minute-long coherence times5 and memory-enhanced quantum communication6. A critical next step is to integrate large numbers of artificial atoms with photonic architectures to enable large-scale quantum information processing systems. So far, these efforts have been stymied by qubit inhomogeneities, low device yield and complex device requirements. Here we introduce a process for the high-yield heterogeneous integration of â€˜quantum microchipletsâ€™â€”diamond waveguide arrays containing highly coherent colour centresâ€”on a photonic integrated circuit (PIC). We use this process to realize a 128-channel, defect-free array of germanium-vacancy and silicon-vacancy colour centres in an aluminium nitride PIC. Photoluminescence spectroscopy reveals long-term, stable and narrow average optical linewidths of 54Â megahertz (146Â megahertz) for germanium-vacancy (silicon-vacancy) emitters, close to the lifetime-limited linewidth of 32Â megahertz (93Â megahertz). We show that inhomogeneities of individual colour centre optical transitions can be compensated in situ by integrated tuning over 50Â gigahertz without linewidth degradation. The ability to assemble large numbers of nearly indistinguishable and tunable artificial atoms into phase-stable PICs marks a key step towards multiplexed quantum repeaters7,8 and general-purpose quantum processors9,10,11,12.
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                    Fig. 1: Scalable integration of artificial atoms with photonics.


Fig. 2: Fabrication and integration of QMC with integrated photonics.


Fig. 3: Integrated quantum photonics with colour centres.


Fig. 4: Defect-free arrays of optically coherent and efficient waveguide-coupled emitters.


Fig. 5: Controlling the optical transitions of colour centres on a PIC.
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The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request. The data that support the findings of this study are also openly available in figshare at https://doi.org/10.6084/m9.figshare.11874291.
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Extended data figures and tables

Extended Data Fig. 1 Flowchart for large-scale heterogeneous integration.
See main text and methods for process descriptions.


Extended Data Fig. 2 Histogram of number of emitter-coupled waveguides within a QMC.
The red coloured bar corresponds to the defect-free 8-channel QMCs that were suitable for integration. The orange coloured bars correspond to the QMCs that we did not use in this work.


Extended Data Fig. 3 FDTD simulation showing propagation of light from the diamond waveguide into the AlN waveguide.
a, For a 602-nm wavelength (corresponding to the GeV colour centre ZPL). b, For a 737-nm wavelength (corresponding to the SiV colour centre ZPL).


Extended Data Fig. 4 Saturation response of a single GeV centre.
a, Continuous-wave 532-nm laser excitation b, Pulsed laser excitation at 532Â nm with a repetition rate of 26Â MHz.


Extended Data Fig. 5 Scheme for strain-tuning emitters in a PIC platform.
a, SEM image of type I and type II waveguides considered in this experiment. b, Strain distribution along the waveguides and emitters considered in the main text (Fig. 5). Horizontal error bars indicate the lateral uncertainty in the position of emitters and vertical error bars indicate the ion implantation straggle.


Extended Data Fig. 6 Spectral shift of GeV centres in response to strain fields.
aâ€“c, Strain response of emitter 1A (a), emitter 1B (b) and emitter 2 (c).


Extended Data Fig. 7 Spectral shifts for the brightest transitions.
Reproducible spectral shifts between 10Â V and 26Â V for the two brightest transitions C and D for emitter 2.


Extended Data Fig. 8 Optical properties during strain tuning.
Top: PLE linewidths as a function of voltage. Bottom: corresponding frequency shift, Î”Î½, of the ZPL transition.


Extended Data Fig. 9 Stability of the ZPL transition frequency during strain tuning.
Each time slice corresponds to a single PLE linewidth measurement averaged over 2,000 experiments (about 3Â min).


Extended Data Table 1 Saturated count rates from single GeV centres in a QMCFull size table
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