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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 overcome1–3 by using optical communications
based on chip-scale electronic–photonic systems4–7 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 chips9–11
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 onchip 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 microprocessors13–16. 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.
The electro-optic system on a chip (Fig. 1) contains a dual-core
RISC-V instruction set architecture17 (ISA) microprocessor and an
independent 1 MB bank of static random access memory that is used
for memory. The on-chip electro-optic transmitters and receivers
enable both the microprocessor and the memory to communicate
directly to off-chip components using light, without the need for separate chips or components to host the optical devices. The chip was
fabricated using a commercial high-performance 45-nm complementary metal–oxide semiconductor (CMOS) silicon-on-insulator (SOI)
process18. No changes to the foundry process were necessary to accommodate photonics and all optical devices were designed to comply with
the native process-manufacturing rules. This ‘zero-change’ integration
enables high-performance transistors on the same chip as optics, reuse
of all existing designs in the process, compatibility with electronics
design tools, and manufacturing in an existing high-volume foundry.
The process includes a crystalline-silicon layer that is patterned
to form both the body of the electronic transistors and the core

of the optical waveguides. A thin buried-oxide layer separates the
crystalline-silicon layer from the silicon-handle wafer (Extended Data
Fig. 1). Because the buried-oxide layer is <200 nm thick, light propagating in crystalline-silicon waveguides will evanescently leak into the
silicon-handle wafer, resulting in high waveguide loss. To resolve this,
we perform selective substrate removal on the chips after electrical
packaging to etch away the silicon handle under regions with optical
devices (Extended Data Fig. 2). We leave the silicon handle intact under
the microprocessor and memory (which dissipate the most power) to
allow a heat sink to be contacted, if necessary. Substrate removal has
a negligible effect on the electronics13 and the processor is completely
functional even with a fully removed substrate.
Silicon-germanium (SiGe) is present, although in low germanium
mole fractions, in advanced CMOS processes to enhance hole mobility and transistor performance via compressive strain engineering
of p-channel transistors18. Selecting a 1,180-nm wavelength band
for the optical channel enables the use of photodetectors built using
this SiGe (ref. 19). Silicon is transparent at 1,180 nm and no adverse
effects are observed. At these wavelengths, the optical propagation
loss in silicon-strip waveguides is 4.3 dB cm−1 (losses at industrystandard wavelengths of 1,300 nm and 1,550 nm are 3.7 dB cm−1 and
4.6 dB cm−1, respectively13). The receiver circuit20 resolves photocurrent produced by the illuminated photodetector into digital ones and
zeros. The receiver sensitivity in optical modulation amplitude (OMA)
is −5 dBm for a bit error ratio better than 10−12.
The electro-optic transmitter consists of an electro-optic modulator
and its electronic driver. The modulator is a silicon micro-ring resonator with a diameter of 10 μm, coupled to a waveguide. We dope the
structure with the n-well and p-well implants used for transistors to
form radially extending p–n junctions, interleaved along the azimuthal
dimension21,22, taking the form of a ‘spoked ring’. The ring exhibits a
sharp, notched-filter optical transmission response, with a stop-band
at the resonant wavelength of the ring (λ0). Applying a negative voltage across the junctions depletes the ring of free carriers (electron and
hole concentrations), while a small positive voltage refills the carriers.
A change in carrier concentration influences the refractive index of
the ring waveguide as a result of the carrier plasma dispersion effect23,
which, in turn, shifts λ0. Electro-optic modulation (on-off keying) is
achieved by changing the voltage applied across the junction to move
the λ0 stop-band in and out of the laser wavelength (λL). The modulator has a loaded quality factor of approximately 10,000, and a voltage
swing of only 1Vpp (where Vpp is the peak-to-peak voltage) across the
modulator achieves on:off ratios of 6 dB at an insertion loss of 3 dB for
non-return-to-zero binary data. The low voltage, near-zero quiescent
current, and low capacitance (15 fF, including wiring capacitance) result
in an energy-efficient modulator driven by a standard CMOS logic
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Figure 1 | The electro-optic system on a chip. a, Die photo of the
3 mm × 6 mm chip showing the locations and relative sizes of the
processor, memory, and transceiver banks, imaged from the backside of
the chip. b, The processor transmitter and receiver banks (the memory

transmitter and receiver banks are identical) with close-ups of individual
transmitters and receivers sites. c. Micrographs of the grating coupler,
photodetector, and resonant micro-ring modulators (left to right).

inverter at gigabit data rates using the same 1-V nominal supply that
powers digital electronics.
As a resonant device, the modulator is highly sensitive to variations
in the thickness of the crystalline-silicon layer within and across SOI
wafers24 as well as to spatially and rapidly temporally varying thermal
environments created by the electrical components on the chip25,26.
Both effects cause λ0 to deviate from the design value, necessitating
tuning circuitry. We embedded a 400-Ω resistive microheater inside
the ring to efficiently tune λ0 and added a monitoring photodetector
weakly coupled to the modulator drop port. When light resonates in
the modulator ring, a small fraction of it couples to and illuminates the
photodetector. This generates photocurrent proportional to the amount
of resonating light, which is maximized when λ0 = λL (modulator is
directly on resonance). Taking advantage of the densely integrated
electronics, we designed a digital controller that monitors the photocurrent and controls the power to the microheater to keep λ0 locked
to λL under thermal variations20. When λ0 has a large offset from λL,
such as during chip power-up, and when no photocurrent feedback is
available, the controller ‘sweeps’ λ0 by stepping the power output of the
heater up or down. This sweep works to reduce the λ0-to-λL offset until
sufficient photocurrent to begin the main feedback loop is obtained.
The controller achieves initial lock (λ0 = λL) within 7 ms and has a
tracking time constant of 13 μs after lock-on. This system provides up
to 3 nm of change in λ0 and can compensate temperature swings of 60 K
(ref. 20), aided by the superior thermal isolation afforded by selective
substrate removal.
We use the direct chip-to-chip optical connectivity of the microprocessor chip to build a photonically connected main memory
system for the microprocessor (Fig. 2). The microprocessor chip optically communicates to the 1 MB memory array located remotely on a
second identical chip an arbitrary distance away. The microprocessor sends requests (a ‘read’ or ‘write’), the memory address (location
in memory to read or write), and write data (for write requests)

via the microprocessor-to-memory (P → M) link. The memoryto-microprocessor (M → P) link returns read data for read requests.
A field programmable gate array (FPGA) provides the peripheral
functionality of a motherboard, completing a user controllable
computer.
For both P → M and M → P links, the laser light first couples into
an electro-optic transmitter; laser light arriving in a single-mode fibre
couples into an on-chip waveguide through a vertical grating coupler
(VGC). The optical modulator, driven by circuits, modulates light in
the waveguide and imprints it with on-off keyed binary data from the
source. The light then exits the chip through a second vertical grating into a single-mode fibre bound for the other chip. Once there, the
light couples into the receive site through a VGC, illuminates a receive
photodetector, and is resolved back by the receiver circuit into binary
data for the destination. The communication between the microprocessor and memory is full-duplex. Both P → M and M → P links run
at 2.5 Gb s−1, providing an aggregate 5 Gb s−1 of memory bandwidth.
Our demonstration uses only one wavelength of light; each additional
wavelength increases the memory bandwidth by 5 Gb s−1 for a total
potential aggregate bandwidth of 55 Gb s−1 without the need to use
additional fibres.
A single 1,183-nm continuous-wave off-chip solid-state laser acts as
the light source, with output power split 50/50 to share it across both
the P → M and M → P links. To overcome the 4–6 dB coupling losses
through each VGC due to unoptimized grating couplers, we insert an
optical amplifier, which provides about 9 dB of gain, to obtain sufficient
optical power at the receiver to resolve the signal. Using the optimized
VGCs with losses of 1.2 dB (ref. 27) that exist as standalone test devices
elsewhere on the same chip would eliminate the need for optical amplifiers in future design iterations.
To verify functionality of the photonically connected memory in the
computer, we ran a combination of terminal-based and graphical programs (see Fig. 3b for an excerpt). To run a program, the control FPGA
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and from memory, in addition to reading the instructions from the
memory. The control FPGA handles the printing of terminal outputs
and acts as a display driver that reads from the frame buffer residing in memory to display a screen to the user. In all cases, the P → M
and M → P optical links handle all communications to and from
memory (which holds all the program instructions and data).

RISC-V

first performs direct memory access through the memory controller to
write all of the program’s instructions into memory. Once the program
is fully loaded, the FPGA issues a ‘reset’ signal to the processor and the
processor begins execution of the program by fetching the first program instruction from memory (from address 0x00002000). During
program execution, the processor writes and reads program data to
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Figure 3 | Processor optical demonstration. a, Program loading and
execution. MC is the memory controller in the processor; IF is the
memory interface of the memory bank. b, Successful execution of the
‘Hello world!’ basic functionality test and the STREAM28 memory

benchmark, two examples of terminal-based programs. c, Screen capture
of the output of a three-dimensional teapot-rendering application running
on the processor.
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Figure 4 | Thermal-tuning stress test of the P → M link. a, Modulator
heater output power with tuning switched ‘on’, overlaid on the power trace
for the processor. The thermal-tuning controller changes the heater power
output to adapt to the changes in temperature created by the changes in

processor power. b, Measured bit errors per second versus time with the
thermal-tuning controller switched ‘on’ and ‘off ’, overlaid on the power
trace for the processor. The link with the tuning controller ‘on’ has no bit
errors over the entire interval (a total of 2.5 Tb transmitted and received).

The processor clock frequency is locked to 1/80th of the aggregate bit rate
of the P → M link (corresponding to a clock frequency of 31.25 MHz at
2.5 Gb s−1) when demonstrating the processor using the optical link,
the result of a decision that simplified engineering efforts during chip
design. When operating in non-optical mode—by electrically communicating to the 1 MB bank of memory local to the same chip, or memory
connected to the control FPGA by time-multiplexing memory data
over the control interface—the processor can run at a maximum speed
of 1.65 GHz. A demonstration of the system running these programs is
provided in Supplementary Video 1.
To evaluate the robustness of the optical links and ring tuning control against thermal perturbations, we create a synthetic processor
power trace by changing the voltage and frequency operating points
of the processor (Fig. 4) over a 1,000-s period. The changes in processor power are representative of the behaviour of a processor as it
runs different loads, affecting the chip temperature. The difference in
temperature between the highest and lowest temperatures (processor
at maximum and minimum power, respectively) is approximately 8 K.
The thermal-tuning circuitry controls the output of the microheater
integrated with the ring modulator to keep the resonant device locked
to the laser wavelength, which keeps the link free of bit errors despite
changes in temperature produced by the processor. With the tuning
circuitry disabled, the same link experiences a number of bit errors
depending on the processor power draw. The effect of thermal perturbations on the system during the execution of a program is shown in
Supplementary Video 1.
Our demonstration of an electronic–photonic microprocessor chip
could enable advances in very-large-scale integrated circuit (VLSI)
technology, by adding nanophotonics as a new design dimension.
Tailoring photonic devices to be integrated directly with electronics in an advanced-node CMOS process enabled a fully functioning electronic–photonic system on a single chip to be produced
in a high-volume electronics foundry. The level of integration

allowed on-chip thermal-tuning control systems to guarantee
robust operation of compact and energy-efficient, but also thermally sensitive, optical resonator devices, addressing one of the key
remaining challenges for nanophotonic circuits adoption in VLSI
technology.
Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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