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Monolithic integration of direct bandgap III-V on Si 
limited by large lattice-mismatch 
• B-III-V alloys underexplored, challenging synthesis 

• B-III-V alloys increase substrate-choice flexibility for 
a wide-range of applications

Electrically-Injected Emitters 

• Boron reduces strain à improved optical quality and wavelength extension
• Increase PL intensity of BGaInAs QW by 10x with optimized MBE growth
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• Near-infrared active regions lattice-matched to GaAs
• Potential for all-BGaInAs avalanche photodiodes (APD)
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• Addition of In to BGaAs QWs increases available 
bandgaps on Si
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Demonstrate telecom-range B-III-V active-region 
lasers and photodetectors on Si, GaAs for LIDAR & 
quantum info processing
• Growth is more challenging as alloy becomes highly-

mismatched 
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FIG. 6. Photographs of actual photonic circuits. (a) Free-
space photonic circuit for CV teleportation experiment.76

The size of the optical table is 4.2 m × 1.5 m. (b) Photonic
chip for generating CV entangled beams.13 The size of the
chip is 26 mm × 4 mm.

beam splitters, EOMs, and detectors, can be integrated on small pho-
tonic chips. Furthermore, parameters of photonic circuits, such as
the amount of phase shift and beam splitter transmissivity, can be
externally controllable. Therefore, the photonic circuits become pro-
grammable. Such chips are also expected to enhance the fidelity of
operations by improving spatial mode matching (quality of interfer-
ence) between optical beams and phase stability of interferometers.
However, the photonic chip itself does not overcome the funda-
mental problem that larger optical circuits are required for larger-
scale quantum computing. In fact, photonic chips might limit the
maximum size of photonic circuits since optical elements and their
control elements have a certain minimal area footprint and also the
area of the chips is limited. Therefore, although development of the
integrated photonic chips is quite useful, some other approach is
required to overcome the fundamental problem and fully scale up
photonic quantum computing.

B. Time-domain multiplexed one-way
quantum computation

In order to scale up photonic quantum computers, an efficient
and scalable method to increase the number of qubits and opera-
tions is needed. Fortunately, by exploiting rich degrees of freedom of
light, we can encode a lot of qubits in a single optical beam and per-
form quantum computation more efficiently. In the CV approach,
several such approaches have been pursued, such as time-domain
multiplexing,18–21,97–99 frequency-domain multiplexing,100–103 time-
frequency-domain multiplexing,104,105 and spatial-mode multiplex-
ing.106,107 In the case of time-domain multiplexing, we can use a
train of a lot of optical pulses propagating in a single (or a few) opti-
cal path(s) to encode an arbitrary number of qubits. Furthermore,
all of these qubits are individually accessible and easily controllable
by using a small number of optical components at different times.
Therefore, time-domain multiplexing may be a reasonable choice to
realize scalable photonic quantum computers which performs arbi-
trarily large-scale quantum computation with a constant number of
optical components.

Another problem of the typical photonic quantum computing
architecture in Fig. 5 is the lack of programmability. Fortunately,
one solution to this problem is already known: one-way quantum
computation. As we have explained in Sec. II B, a specific type of
a large-scale entangled state (cluster state) is sufficient for univer-
sal quantum computation in this scheme, and different quantum
computing tasks can be performed by simply choosing different
measurement bases. Therefore, once a sufficiently large cluster state

can be produced, it enables arbitrary quantum computation in a
programmable way.

Recently, it has been discovered that ultra-large-scale CV clus-
ter states can be deterministically generated by the time-domain
multiplexing approach.18,19,98,99 For the typical architecture, genera-
tion of n-mode cluster states requires one to prepare n squeezed light
sources and let the squeezed light beams interfere with each other
at beam splitters, as shown in Fig. 3. However, in the time-domain
multiplexing approach in Fig. 7, continuously produced squeezed
light beams are artificially divided into time bins to define indepen-
dent squeezed light modes, and these modes are coupled with each
other by appropriate delay lines and beam splitters. In the setup of
Fig. 7(a), large-scale one-dimensional cluster states, i.e., cluster states
where modes are entangled in one-dimensional chain fashion, were
experimentally generated by using two squeezed light sources and
one delay line.18,19 This method was later extended to generation
of large-scale two-dimensional cluster states by using four squeezed
light sources and two optical delay lines with different length,97 as
shown in Fig. 7(b). The generated two-dimensional cluster state is
known to be a universal resource for 5-input 5-output quantum
information processing.73,98,99 In these experimental schemes, the
cluster states are sequentially generated and soon measured, so the
number of modes is never limited by the fundamental coherence
time of the laser and infinite in principle. In the actual experiments,
one-dimensional cluster states up to one million modes19 and two-
dimensional cluster states up to 5 × 5000 modes97 are verified by
the time-domain multiplexing schemes; these are in fact the largest
entangled states demonstrated to date among any physical system
(such as superconducting circuits and trapped ions). Note that gen-
eration of large-scale optical cluster states has also been pursued in
other multiplexing schemes, such as frequency multiplexing100–102
and spatial mode multiplexing.107

As alreadymentioned in Sec. II C, when CV cluster states with a
squeezing level above a certain threshold are prepared, fault-tolerant
quantum computation is possible with the GKP qubits. Therefore,
time-domainmultiplexed one-way quantum computation should be
a promising route to scalable, universal, and fault-tolerant photonic
quantum computing.

C. Loop-based architecture for photonic
quantum computing

In one-way quantum computation, the initial universal clus-
ter state has to be reshaped and converted into a modified, smaller
cluster state suitable for a specific quantum computing task by
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