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            Abstract
Data transport across short electrical wires is limited by both bandwidth and power density, which creates a performance bottleneck for semiconductor microchips in modern computer systems—from mobile phones to large-scale data centres. These limitations can be overcome1,2,3 by using optical communications based on chip-scale electronic–photonic systems4,5,6,7 enabled by silicon-based nanophotonic devices8. However, combining electronics and photonics on the same chip has proved challenging, owing to microchip manufacturing conflicts between electronics and photonics. Consequently, current electronic–photonic chips9,10,11 are limited to niche manufacturing processes and include only a few optical devices alongside simple circuits. Here we report an electronic–photonic system on a single chip integrating over 70 million transistors and 850 photonic components that work together to provide logic, memory, and interconnect functions. This system is a realization of a microprocessor that uses on-chip photonic devices to directly communicate with other chips using light. To integrate electronics and photonics at the scale of a microprocessor chip, we adopt a ‘zero-change’ approach to the integration of photonics. Instead of developing a custom process to enable the fabrication of photonics12, which would complicate or eliminate the possibility of integration with state-of-the-art transistors at large scale and at high yield, we design optical devices using a standard microelectronics foundry process that is used for modern microprocessors13,14,15,16. This demonstration could represent the beginning of an era of chip-scale electronic–photonic systems with the potential to transform computing system architectures, enabling more powerful computers, from network infrastructure to data centres and supercomputers.
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                    Figure 1: The electro-optic system on a chip.[image: ]


Figure 2: Block diagram of the optical memory system.[image: ]


Figure 3: Processor optical demonstration.[image: ]


Figure 4: Thermal-tuning stress test of the P → M link.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Chip cross-section.
a, Full chip cross-section (not to scale) from the silicon substrate to the C4 solder balls, showing the structures of electrical transistors, waveguides, and contacted optical devices. G, S, and D mark the structures that form the gate, source, and drain, respectively, of an electrical transistor. The minimum separation between transistors and waveguides is <1 μm, which is set only by the distance at which evanescent light from the waveguide begins to interact with the structures of the transistor. b, Transmission electron microscopy cross-section micrograph of an optical waveguide, before substrate removal.


Extended Data Figure 2 Selective substrate removal.
a, Selective substrate removal steps for the flip-chip packaged chip, using tape as a coarse mask for defining areas that retain the substrate. BOX, buried oxide. b, Photo of a selective-substrate-removed fully electrically packaged electronic–photonic processor chip.


Extended Data Table 1 Summary of chip characteristicsFull size table


Extended Data Table 2 Summary of transceiver performanceFull size table
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Processor Demonstration Video
An animated overview of the chip (starts at 0:05) and description of the test setup for the optical memory (starts at 0:59). The demonstration of the processor running programs starts at 2:36, with temperature changing events applied starting at 5:46, with and without the thermal tuning circuit enabled. This uploaded version is the 480p quality version, sized to be just under 30MB to not exceed the individual file size limit for supplementary information. We would like to point any readers to the full-quality 1080p version, accessible to only those with the following link: https://drive.google.com/file/d/0Bw4D2gUSMil1T3VrcVpybzh5dDg/view?usp=sharing (MP4 28615 kb)
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The rapid transfer of data between chips in computer systems and data centres has become one of the bottlenecks in modern information processing. One way of increasing speeds is to use optical connections rather than electrical wires and the past decade has seen significant efforts to develop silicon-based nanophotonic approaches to integrate such links within silicon chips, but incompatibility between the manufacturing processes used in electronics and photonics has proved a hindrance. Now Chen Sun et al. describe a 'system on a chip' microprocessor that successfully integrates electronics and photonics yet is produced using standard microelectronic chip fabrication techniques. The resulting microprocessor combines 70 million transistors and 850 photonic components and can communicate optically with the outside world. This result promises a way forward for new fast, low-power computing systems architectures.
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