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Abstract: Integrated quantum photonics is now seen as
one of the promising approaches to realize scalable quan-
tum information systems. With optical waveguides based
on silicon photonics technologies, we can realize quantum
optical circuits with a higher degree of integration than
with silica waveguides. In addition, thanks to the large non-
linearity observed in silicon nanophotonic waveguides,
we can implement active components such as entangled
photon sources on a chip. In this paper, we report recent
progress in integrated quantum photonic circuits based
on silicon photonics. We review our work on correlated
and entangled photon-pair sources on silicon chips, using
nanoscale silicon waveguides and silicon photonic crystal
waveguides. We also describe an on-chip quantum buffer
realized using the slow-light effect in a silicon photonic
crystal waveguide. As an approach to combine the merits
of different waveguide platforms, a hybrid quantum circuit
that integrates a silicon-based photon-pair source and a
silica-based arrayed waveguide grating is also presented.

Keywords: integrated quantum photonics; quantum optics;
entanglement; silicon photonics; quantum information.

1 Introduction

Optical waveguide technologies have emerged as promising
platforms for quantum information processing systems using
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photons [1-3]. The use of waveguides provides increased
phase stability and enables the integration of larger numbers
of quantum gates in a limited area. With the use of wave-
guides, several quantum tasks have been implemented, from
basic quantum optic experiments [1, 4, 5] to sophisticated
quantum information processing such as Shor’s algorithm
[6], quantum walks [7, 8], and boson sampling [9-14]. In the
future, it is expected that such quantum functional circuits
will be integrated on chip with other devices such as photon
sources [15, 16], functional circuits [17, 18], buffers [19], and
detectors [20-23], so that we can realize all optical quantum
processors, as shown in Figure 1 [19].

Silica waveguides were first employed as devices for
quantum communication [24-26] and then as a platform
for quantum computation [1]. Silica waveguides have been
developed as a technology to fabricate devices for optical
fiber communication for several decades [27], and thus,
the fabrication technology is matured. As a result, the loss
per unit length of a typical silica waveguide is currently
much smaller than that of waveguides based on other
materials. On the other hand, as a typical silica waveguide
has a relatively large effective area, the bending radius
of a silica waveguide is relatively large (typically larger
than a millimeter [28]), leading to a larger device size. In
addition, it is relatively difficult to realize an active device
based on nonlinear-optical effect, such as a photon-pair
source on a silica chip, because of the small nonlinear-
ity of silica waveguides. Note that there have been several
reports of photon-pair generation [29-31] using femtosec-
ond laser direct written silica waveguides [32].

With silicon photonics technologies, we can imple-
ment a variety of quantum functions on waveguides. One
such technology is the silicon wire waveguide (SWW),
which is a single-crystal, single-mode silicon waveguide
typically about 400 nm wide and 200 nm thick. Because of
this small cross-section, together with the large nonlinear
refractive index of silicon, we can observe an enhanced
nonlinear coefficienty (/W/m) [33] that is much larger than
that of a silica waveguide. Several groups have already
reported the generation of correlated [15] and entangled
[16] photon pairs using an SWW.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 3.0 License.
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Figure 1: Conceptual diagram of a photonic quantum processor
based on integrated quantum photonics.

In this paper, we review the recent progress in inte-
grated quantum photonics based on silicon photonics
technologies. Section 2 describes a monolithic polari-
zation entangled photon-pair source on a silicon chip.
In Section 3, we describe efforts for realizing ultrasmall
correlated and entangled photon-pair sources, based on
a silicon photonic crystal (PhC) technology. In Section 4,
we introduce a novel function — an on-chip single-photon
buffer - realized using PhC technology. We then describe
a hybrid approach to integrate active function based on an
SWW and a passive function based on a silica waveguide
so that we can realize sophisticated photonic quantum
information systems. In Section 6, we provide a brief
summary.

2 Polarization entangled photon-
pair source on a silicon chip

Quantum states of photons can be encoded in polariza-
tions, paths, orbital-angular momentum, frequencies,
and temporal positions of light. Of these, a polarization
state provides a two-level photonic system, which is easy
to manipulate with commercial bulk optics such as wave-
plates. Hence, it has been at the heart of many quantum
information experiments [34-38]. To integrate a polari-
zation-encoded quantum information system on a chip,
it is necessary to develop the building blocks, including
a polarization entanglement photon-pair source [39, 40].
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However, the integration of optical circuits makes han-
dling the polarization slightly more challenging. This is
because it is difficult to eliminate the polarization-mode
walk-off in a nonlinear waveguide completely [41], which
degrades the polarization-encoded quantum states. To
compensate for the walk-off, polarization entanglement
sources using on-chip waveguides require extra off-chip
components [42-46].

We demonstrated the first polarization-entangled
photon-pair source fully integrated on a chip as shown in
Figure 2 [47]. It consists of two SWW photon-pair sources
connected by an ultrasmall silicon polarization rotator
[48, 49]. The SWWs have a silicon core that is 400 nm
wide, 200 nm high, and 1.5 mm long. The silicon polari-
zation rotator has 30-um-long off-axis double cores. The
inner and outer cores are a silicon wire (200 nm wide and
200 nm high) and a SiOxNy waveguide (840 nm wide and
840 nm high), respectively. The SWWs and the polariza-
tion rotator are connected by 10-um-long tapered silicon
wires. The undercladdings and overcladdings are SiO,. For
efficient coupling with external optical fibers, both ends
of the device are equipped with spot-size converters that
are based on an inversed taper structure of the silicon core.

The SWWs and the spot-size converters were fabri-
cated by electron beam lithography and electron cyclo-
tron resonance plasma etching. An 840-nm-thick silicon
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Figure 2: A polarization entangled photon pair source fabricated on
a silicon-on-insulator substrate.

The device consists of two silicon wire waveguide photon pair
sources and a silicon-wire-based polarization rotator. The silicon
substrate and the SiO, overcladdings and undercladdings are not
shown for clarity [47].
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oxynitride film with a refractive index of 1.60 was depos-
ited by the plasma-enhanced chemical vapor deposition,
and the second core of the silicon polarization rotator was
formed by reactive ion etching with fluoride gas.

In an SWW, a correlated pair of signal and idler
photons is created following the annihilation of two
pump photons via spontaneous four-wave mixing (FWM)
arising from the bound-electronic y® nonlinearity of the
silicon core. Due to the high y® nonlinearity of silicon in
the telecommunication band (e.g. more than 100 times
higher than that of silica) and the submicrometer scale
mode field diameter [50, 51], correlated photons can be
efficiently generated via spontaneous FWM in an SWW
[15, 16, 52, 53]. Moreover, the Raman noise photons in a
single-crystalline silicon core, which exhibit a sharp spec-
tral peak that is 15.6 THz away from the pump frequency,
can be easily eliminated with wavelength filters. Hence,
low-noise correlated photons can be efficiently generated
in an SWW [54].

Figure 3A shows the wavelength dependence of FWM
efficiency in an SWW for cases where the pump, signal,
and idler fields are all in the transverse-electric (TE) or
transverse-magnetic (TM) mode. We obtained the data
via a stimulated FWM experiment [55, 56], where we used
two independent wavelength-tunable continuous wave
(CW) lasers for the pump and stimulating signal field and
observed the overall output spectrum including the gener-
ated idler field. Here, the signal wavelength (vertical axis)
was scanned while the pump wavelength was fixed. We
see that the idler components satisfied the energy con-
servation of the FWM 20 =0 Fw, where Wi denotes the
frequencies of the pump, signal, and idler fields. Due to
a difference in the lateral field confinements and disper-
sions between the TE and TM modes, the FWM efficiently
occurred for the all-TE condition in our SWW.

In the silicon polarization rotator [48], the off-axis
double core structure induces two orthogonal eigenmodes
with the polarization axis tilted +45° to the horizon and
slightly different refractive indices as shown in Figure
3B. This hirefringence provides an on-chip waveplate
with fixed birefringence axes. The polarization rotation
of a linearly polarized input field depends on the length
of the rotator. We used a rotator with a length of 30 um,
which provided a zeroth-order polarization rotation angle
of 86.7+0.1° and a polarization extinction ratio exceeding
20 dB for a TE-polarized CW laser at around 1551-nm wave-
length [47]. Hence, the rotator served as an on-chip polari-
zation converter between the TE and TM modes, which
was the function required for our polarization entangle-
ment source. The insertion loss of the rotator is approxi-
mately 1 dB [48].
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Figure 3: (A) Polarization dependence of the FWM efficiency

in an SWW, investigated via stimulated FWM experiment. The
density plots show the observed spectrum as a function of the
center wavelength of the CW laser used for stimulating signal
field. (B) The eigenmodes in the silicon polarization rotator,
numerically simulated with a mode solver. Corresponding
eigenvalues (effective refractive indices) are also shown. Figures
from Ref. [47].

Pump pulses with +45° linear polarization are
injected into the polarization entanglement source. Then
the input is decomposed into the TE and TM modes in
the waveguides. In the first SWW, only the TE-polarized
component of the pump pulses creates photon pairs in
the TE mode because of the abovementioned polariza-
tion dependence. The polarization state of the correlated
photons is then converted to the TM mode by the polari-
zation rotator. At the same time, the silicon polarization
rotator converts the polarization of TM-polarized pump
pulses to TE; these pump pulses create TE-polarized cor-
related photons in the second SWW. Due to the quantum
interference between the photon pairs created in the first
and second SWWs, we obtain the following polarization
entangled state of photons:
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at the output end of the device. Here, ¢ is a fixed relative
phase. The configuration automatically equalizes the two
amplitudes and thus provides a maximally entangled
state. This is because the reduction of the pairs created in
the first SWW from the waveguide loss in the second SWW
is equivalent to the reduction of the pairs to be created in
the second SWW owing to the loss of the TM component of
the input pump pulses in the first SWW [47].

The operation is similar to that of a widely used
polarization entanglement source utilizing ¥® nonlin-
ear crystals designed for spontaneous parametric down
conversion under type I phase matching [40]. The source
consists of two nonlinear crystals cascaded with 90° ori-
entation, and horizontally and vertically polarized photon
pairs are created in each crystal. In our case, instead of
cascading two crystals with 90° orientation, we rotated
the polarization between the two SWWs. Thus, the device
is designed to be symmetric as regards the polarizations
with respect to the midpoint of the device. This structure
eliminates the degradation of the output entangled state
caused by polarization-dependent walk-offs and losses in
the waveguide [47].

The experimental setup is shown in Figure 4A. We
input pump pulses with a temporal width of 80 ps and a
repetition rate of 100 MHz, obtained by an intensity modu-
lation of a CW laser operated at a wavelength of 1551.1 nm.
The polarization of the input pulses was set to be +45°
linear polarization. The in-coupled pump peak power was
128 mW. The output signal and idler photons were col-
lected by a lensed fiber and subsequently separated with
the wavelength-division-multiplexing filter after they
had passed through the notch filters for the pump field
rejection. The bandwidth of each channel was 0.14 nm
(18 GHz). The time correlated events of the photons were
detected with the two InGaAs single-photon avalanche
diodes (SPADs) (id210, ID Quantique) and a time-interval
analyzer (TIA).

We then performed quantum state tomography on
the generated photons [57] by carrying out a polarization-
correlation measurement with the polarization analyz-
ers. The reconstructed density matrix p of the photons
obtained with the maximum-likelihood estimation is
shown in Figure 4B. We clearly observed off-diagonal
components with amplitudes as high as those of the diag-
onal components, indicating a high purity of the state. To
evaluate the degree of entanglement, we estimated the
fully entangled fraction F(p)=max(‘¥|o|¥), where the
maximum is taken over all maximally entangled states
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Figure 4: (A) Experimental setup for the measurement of polariza-
tion entanglement from the chip. IM: intensity modulator, EDFA:
Erbium-doped fiber amplifier, P: polarizer, H: half-wave plate, Q:
quarter-wave plate, WDM filter: wavelength-division multiplexing
filter. Dashed and solid lines show free-space optical path and
electrical connection. (B) The reconstructed density matrix of the
two-photon polarization state generated from the chip. Hand V
represent the TE and TM modes, respectively [47].

[W¥) [58, 59]. The obtained F(p)=0.91+0.02. Hence, we have
successfully generated photons with a high degree of
polarization entanglement using the on-chip source. The
imperfect fidelity was considered to be mainly due to the
wavelength-dependent polarization rotation at the spot-
size converters.

Following this work, many researchers demonstrated
on-chip polarization entangled sources based on other
device architectures and materials. Olislager et al. [60]
generated polarization entanglement using two SWWs
that were monolithically connected by a two-dimensional
(2D) vertical grating coupler. Lv et al. [61] generated polar-
ization entanglement by means of the birefringence of a
single SWW. Various polarization entanglement sources
based on an y® nonlinear waveguide made of (Al)GaAs
have also been demonstrated [62-66]; these experiments
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employing the direct band-gap materials paved the way
to the realization of a polarization entanglement source
driven by current injection [67, 68]. These results show
important steps toward the realization of an integrated
quantum information system using the polarizations of
light.

In order to realize a polarization-encoded quantum
information processor on chip, we need to develop polari-
zation analysis functions, namely the manipulation and
projection of polarization states on a chip. Recently, such
functions have been achieved using a lithium niobate
waveguide modulator [69] and low-birefringence silica
waveguides [70-72].

3 Ultrasmall correlated and
entangled photon-pair sources
using PhC coupled-resonator
optical waveguides

We used chip-scale SWWs as a bright and low-noise
source of correlated photons. However, further downsiz-
ing of the photon source is of great importance in a view
to realizing quantum information processing systems
with higher integration density. Such integration includes
a multiplexed single-photon source [73-76], which was
proposed to realize a near-deterministic heralded single-
photon source from probabilistic photon-pair sources
based on spontaneous parametric processes. The source
is a bundle of many identical heralded single-photon
sources, each of which generates photon pairs at a low
rate (~0.01 pairs/pulse). The whole system provides single
photons at a certain period while the multiple pair gen-
eration rate is suppressed. This scheme requires many
independent photon-pair sources connected with single-
photon routing technology. Thus, increasing the integra-
tion density of photon-pair sources is required. Another
promising approach to realize a near deterministic her-
alded single-photon source is to employ a temporal mul-
tiplexing configuration [77]. This configuration will avoid
the size constraints in the spatial multiplexing described
above, though at the expense of the reduced repetition fre-
quency of the “triggered” single photons.

A simple solution for further downsizing is to enhance
the optical nonlinearity of the photon-pair source per
unit size. An effective way to achieve this is to slow down
the group velocity of light in a medium v, [78-81]. This
is because the light-matter interaction time can be pro-
longed by the slow propagation of light. Furthermore,

DE GRUYTER

the slow-light mode compresses the optical field longi-
tudinally so that its peak intensity increases, leading to
a further enhancement of nonlinearity. Because of these
effects, the nonlinear constant y of an optical waveguide
is proportional to n;, where ngzc/vg is the group index of
the guided mode. Hence, we can significantly increase the
nonlinearity and thereby the photon-pair generation rate
via the spontaneous FWM («<)?) by using the slow light
effect.

Slow-light enhancement has been investigated par-
ticularly in relation to a silicon photonics platform, where
mature nanofabrication technologies allow us to engineer
the group velocity of light. Slow-light modes in silicon PhC
line defect waveguides [82, 83], and coupled-resonator
optical waveguides (CROWSs) [84] based on Si microring
resonators [85] have been shown to enhance the efficiency
of spontaneous FWM. We have demonstrated slow-light
enhancement [86] using a CROW consisting of PhC cavi-
ties based on mode-gap confinement [87, 88]. The cavity
exhibits an ultrahigh Q value and wavelength-sized con-
finement of light, which enabled us to realize a low-loss
and highly nonlinear waveguide. In the following, we
review our recent work related to the PhC-based CROW
and its application to the photon-pair sources [86, 89-91].

Figure 5 shows a schematic of our CROW fabricated
on an air-bridged 2D silicon PhC slab with a triangular
lattice of air holes [89]. Lattice constant a is 420 nm, the
hole radius is 0.25a, and the slab thickness is 0.25a. Each
cavity is formed by a local width modulation of a barrier
line defect with a width of 0.98 \/ga (W0.98) along the
I'-K direction. The red and green holes are shifted by 8
and 4 nm, respectively, in plane toward the outside. This
yields optical cavities with a cavity Q as high as 10° and a
mode volume of 1.7(1/n)? [87, 88].

In a CROW, the collective resonance of the identi-
cal cavities exhibits Bloch modes, whose bandwidth is
much larger than that of each cavity linewidth. The mode
follows a dispersion relation given by

Barrier (W0.98 line defect)
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Figure 5: A CROW consisting of photonic-crystal mode gap
nanocavities.

The positions of the red and green holes are shifted by 8 and 4 nm
toward the outside, respectively [89].
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under the tight-binding approximation [84]. Here, «, is
nearest neighbor coupling strength between cavities, w,
is the center frequency of each cavity, A is the center fre-
quency offset of the band from w, and R is cavity pitch.
This band formation for photons is analogous to elec-
tronic band formation of atoms in a crystal lattice. The
bandwidth of the supermode is 2wk, and at center fre-
quency w=w,, the group-velocity dispersion is zero and

the group velocity becomes vg:Z—;:wOKIR. Thus, we can
control v, by designing «, and R. CROWs consisting of more
than a 100 resonators have been developed using short
waveguide elements [92], microring resonators [93, 94],
microdisk resonators [95], and PhC cavities [87]. So far, a
v, value as small as ¢/170 for an optical pulse has been
realized using a PhC-based CROW [87].

To couple the light to our CROW, access waveguides
consisting of W1.05 line-defect waveguides and SWWs
(not shown) were fabricated. Intercavity distance was
apodized at the CROW-waveguide connection. Reference
waveguides, where the CROW section was replaced with a
W1.05 line defect waveguide, were also fabricated on the
same chip. The reference waveguide had n_~5.

Figure 6A shows linear transmission spectra of the
CROWSs (with R=5a and cavity number N=200 and 400)
and the reference waveguide, measured with a wave-
length-tunable CW laser at TE polarization [89]. Each
CROW exhibited a clear passband with isolations of over
30 dB. The loss comprised fiber-waveguide coupling loss
(-8 dB/facet), waveguide propagation loss (2 dB/mm),
and additional loss at waveguide-CROW connections (-1
dB/facet).

The CROW with N=200 exhibited a transmission
bandwidth of 6 nm, from which «x, was estimated to be
1.9x10? from Eq. (2). The value agreed well with that
obtained from CROWs with smaller N (5 and 10) [87]. This
indicated that the slow-light mode was extended toward
the region over 100 cavities, where it was less influenced
by structural fluctuation due to fabrication error. A sta-
tistical analysis [96, 97] revealed that the light transport
in our CROW is less relevant than in a localized or dif-
fusive transport regime [89]. On the other hand, we saw
a decrease in the transmission bandwidth for N=400.
This was because of degradation of the light transport
characteristics, which was also indicated by the statis-
tical analysis in the corresponding wavelength region
[89]. However, the signature of the ballistic transport
held in the wavelength region surrounded by the dashed
lines in Figure 6A, where we could observe slow-light
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Figure 6: (A) Transmission spectra of CROWSs (red curves) and a
W1.05 line-defect waveguide (blue curves). (B) Measured group
index spectra for CROWSs with various cavity numbers along with the
numerical simulation results based on the plane-wave expansion
method. Figures from Ref. [89].

propagation without significant pulse distortion [19] (see
Section 4).

The dispersion properties of the CROWs were investi-
gated with the pulsed time-of-flight method [89]. Plots in
Figure 6B show the measured n_ spectra. The data were
extracted from the transit time difference of optical pulses
(duration: 80 ps) between the CROWs and the reference
waveguides. A slow-light mode with n~40 was obtained
at around the band center. In addition, the n, values were
independent of the cavity number N as expected.

However, the dispersion curve was asymmetric with
respect to the center of the CROW passbhand, distinct from
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the shape given by Eq. (2). This is because the tight-biding
model assumes that the resonator eigenmodes are nondis-
persive. In our case, the cavity confinement was based on
the modulation of the line defect, whose mode exhibited
dispersion. In fact, v, at the band center was estimated to
be ¢/65 from Eq. (2), which is distinct from the observed
value at around the band center. Lian et al. [98] explained
this by introducing an energy dependence in «,. Another
reason for the discrepancy is the effect of the next-nearest-
neighbor coupling between cavities, which was investi-
gated by Caselli et al. [99].

To confirm that the observed modes were induced by
our CROW structure shown in Figure 5, we performed a
numerical simulation of the dispersion, namely, the pho-
tonic band structure, with a three-dimensional vector
plane-wave expansion method using BandSOLVE (Syn-
opsys, Inc., Mountain View, CA USA) [89]. The results
are shown as curves in Figure 6B. The numerical results
showed good agreement with the experimental data,
including the asymmetric shape. The mode at the wave-
length region shorter than the minigap at around 1540 nm
appeared due to the band folding of the original line-
defect mode at the CROW periodicity of R=5a. This also
well explained the experimental data.

Using the CROW, we investigated the slow-light
enhancement of y® nonlinearity for the correlated pho-
ton-pair generation [86]. In doing so, we performed the
stimulated FWM experiment as described in Section 2.
The observed FWM spectra are shown as a density plot
in Figure 7. The pump and signal powers coupled to the
waveguides were 1.6 and 0.5 mW, respectively. In both
cases, we observed the idler wavelength component sat-
isfying the energy conservation of the FWM. However, the
CROW exhibited the brighter idler peaks, thanks to the
slow-light-enhanced nonlinearity. From the result, we esti-
mated nonlinear constant y of the CROW to be 7200/W/m
atn =36 and 13,000/W/m at n=49. These values are much
larger than that of an SWW (typically 200-300/W/m).
Indeed, this is the first experimental observation of a y
value exceeding 10,000/W/m in a silicon-core nonlinear
waveguide. Note that we used a CROW sample different
from the one used in the stimulated FWM experiment
above (but with the same specifications).

Next, we undertook the photon-pair generation
experiment via the spontaneous FWM in our CROW [90].
Figure 8A shows the experimental setup. We obtained
pump pulses centered at 1545.4 nm with a pulse duration
of 130 ps and repetition rate of 100 MHz using a setup
similar to that shown in Figure 4A. The output pulses con-
taining correlated photons were collected with a lensed
fiber. Notch filters with a suppression bandwidth of
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The line labeled Idler’ in (A) was generated as a result of frequency
conversion of the “pump” via FWM pumped by the “signal” [86].

1.0 nm centered at the pump wavelength were introduced
for the pump field rejection. Then, the photon pairs were
separated by the arrayed waveguide grating (AWG) into
different fiber channels with a transmission bandwidth
of 0.2 nm (25 GHz). The pump-to-signal (or -idler) detun-
ing was chosen to be 0.8 nm, which was within the FWM
bandwidth as seen in Figure 7A. After further noise sup-
pression, the photons were received by the single photon
counting modules (SPCMs), and their temporal correla-
tion was analyzed by the TIA. The overall transmittance
of the filtration system was approximately -6 dB, while the
transmittance at the pump wavelength was <-130 dB.
Figure 8B shows the estimated photon-pair rate at the
output ends of the waveguides as a function of the in-cou-
pled average power of the pump pulses. The measurement
time was 120 s for each data point for good statistics. We
were able to successfully observe the slow-light enhance-
ment of the photon-pair generation rate in our CROW.
Indeed, the generation rate was almost two orders of
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Figure 8: (A) Experimental setup for correlated photon pair genera-
tion from the CROW. AWG: arrayed-waveguide grating. (B) Net
photon pair generation rate from various waveguides as a function
of the in-coupled average pump power. Dashed lines represent
fitting results using Eq. (3) [90].

magnitude larger than that with the reference line-defect
waveguide. The photon-pair generation in 6-m fiber links
for the measurement was negligible.

Under the slowly varying envelope approximation, we
obtain the photon-pair generation rate per pump pulse x_
via spontaneous FWM as

u= AvAt(preakLeff )? 3)

when the pump-to-signal (or -idler) detuning is within the
FWM bandwidth, where Av is the bandwidth of the wave-
length filters for the signal and idler channels, At is the
temporal width of the pump pulses, and P, is the pump
peak power. L . is the loss-averaged effective waveguide
length associated with L ,=(1-e“*)/a, where « is the atten-
uation coefficient.

The dashed lines in Figure 8B show the fittings using
Eq. (3). One can see that the experimental data exhibited
good power-squared dependence. From the fitted func-
tion for the CROW, we obtained a y of 9000/W/m, which
was in good agreement with that obtained via the stimu-
lated FWM experiment. This value was ~30 times larger
than that of standard SWWs [53]. In other words, the
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photon-pair generation rate of our CROW was 10° times
larger than in an SWW per unit length.

We also verified the nonclassicality of the photon pairs
from the CROW by testing the violation of the Zou-Wang-
Mandel inequality, which is valid for classical correlation
[100]. We have successfully demonstrated the violation by
20 standard deviations. Hence, we confirmed the genera-
tion of nonclassical photon pairs from the CROW based on
the PhC nanocavities [90].

Furthermore, we have demonstrated the generation
of time-bin entangled photons from the CROW [91]. The
experimental setup is shown in Figure 9A. A 60-ps, 1-GHz
clock coherent pulse train with a wavelength of 1545.5 nm
was launched into the CROW with N=200. Through the
slow-light enhanced SFWM in the CROW, we generated
high-dimensional time-bin entangled photon pairs whose
state is given by

9= [k, [k, )

where N_is the number of pump pulses where coherence is
preserved and |k) denotes a quantum state where a single
photon is at the kth temporal slot in mode x (=s: signal, i:
idler). The photons from the CROW were passed through
filters similar to the ones in Figure 8A and launched into
1-bit delayed Mach-Zehnder interferometers for Franson

A 1-bit delay
Pump interferometer

pulses

Signal

Coincidences

0 T 2n 3n
Signal interferometer phase (rad)

o

Figure 9: Time-bin entangled photon-pair generation using the
CROW.

(A) Experimental setup. SSPD: superconducting single-photon
detector. The wavelengths of the signal and idler channels were
1544.6 and 1546.2 nm, respectively. The photon bandwidth was 0.1
nm, limited by the bandwidth of the AWG. (B) Two-photon interfer-
ence fringes. Squares: idler interferometer phase at 0, circles: 7/2.
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interferometry measurement [101]. The obtained two-
photon interference fringes are shown in Figure 9B, where
we observed clear sinusoidal modulations of coincidences
for two nonorthogonal measurement bases for the idler
photons. The visibilities of the fringes were 78.0+3.9%
(idler interferometer phase 0) and 74.1+4.8 (r/2), which
indicates that we obtained an entangled state that can
violate Bell’s inequality. This was the first observation
of quantum entanglement generated from a slow-light
waveguide.

4 On-chip quantum buffer

In the photonic quantum circuit shown in Figure 1, syn-
chronization of photons at functional circuits is crucial
for obtaining quantum interference. Such integra-
tion becomes more difficult as the integration density
increases and the circuits are further scaled down.
A buffer can store a photon for a certain amount of time
so that we can adjust the arrival time of a photon at each
circuit. Inclusion of such a buffer enables a flexible circuit
design. In addition, we may be able to realize a fully pro-
grammable integrated quantum optical circuit if we use a
tunable buffer together with other active elements such
as optical switches.

We can realize an integrated single-photon buffer by
using the slow-light effect in optical waveguides [79, 80,
93]. We demonstrated a single-photon buffer on a silicon
chip using the PhC-based CROW with the number of cavi-
ties N=400 (inset of Figure 10) [19]. The total length of the
CROW was 840 um. A 10-um PhC line-defect waveguide

CROW
E ’__ L..=5a :
| SWW | | | | sww |
. PhC WG CROW section PhC WG E
. (10 um) (840 um, n=400) (10 um) :
...."_.",_ > il
i Start
Signal Silicon chip Da—+
Correlated \ |Tn|tr2 fval
photon-pair source SSPD
L N analyzer
R
Idler l D Stop A

Figure 10: Setup for observing photon buffering.
Inset: CROW consisting of PhC nanocavities.
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was placed at each end of the CROW. The transmission
spectrum of the CROW moved to longer wavelength as we
increased the chip temperature, and the dependence was
measured to be ~0.07 nm/°C.

The experimental setup for observing photon buffer-
ing is shown in Figure 10. A photon-pair source based on
spontaneous FWM in a dispersion shifted fiber emitted
photon pairs whose wavelengths were 1546.7 (signal) and
1555.53 (idler) nm. The bandwidth of the photons was 0.2
nm. The signal photon was coupled to the silicon chip that
included the CROW and the reference waveguide using
lensed fibers. The reference waveguide (the W1.05 line
defect) was used as the temporal reference when meas-
uring the delay caused by the CROW. The signal photons
outputs from the chip were received by a superconduct-
ing single-photon detector (SSPD), while the idler photons
were directly detected by a second SSPD. The detection
signals from the SSPDs were input into a time interval
analyzer as the start and stop signals, respectively.

Figure 11A and B shows the histograms obtained in
the time interval analysis. We observed the largest peaks
at the relative delay near 0, which correspond to the coin-
cidences caused by the signal and idler photons that form
correlated pairs. From these data, the cross-correlation
g?(0)=P,/PP, [P coincidence detection probability,
P_(P): signal (idler) photon detection probability], with
which we can quantify the strength of intensity correla-
tion between photons [102], was obtained as 3.25+0.06
for the CROW and 3.10+0.05 for the reference waveguide.
Note that g% (0)>2 implies the existence of nonclassical
intensity correlation [102]. The cross-correlation value
was 3.22+0.05 when we removed the chip, suggesting that
the nonclassical intensity correlation was preserved even
after the single photon had travelled through as many as
400 high-Q nanocavities without any degradation.

The coincidences at the main peaks correspond to
the temporally resolved detection events of the single
photons heralded by the detection of idler photons. Thus,
we could measure the delay time of the signal photons
in the CROW by observing the temporal shift of the main
peaks. An enlarged image of the main peaks in Figure 11A
and B is shown in Figure 11C, where we can observe a
clear separation of the two peaks. This result shows that
the CROW stored the single photon for 151.1+0.5 ps. The
group index n, of the reference waveguide was ~5, which
means that the speed of the pulsed photon in the CROW
was decreased to 1/59 of the light speed in a vacuum.

We can also tune the buffer time with the CROW. As
stated above, the transmission spectrum of the CROW
moved as we changed the chip temperature. This implies
that we can shift the dispersion characteristic of the
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Figure 11: On-chip buffer experimental results.

(A, B) Time interval histograms when the signal photons passed
through the (A) CROW and (B) reference waveguide. (C) Enlarged
main peaks observed in dashed box in (A) and (B). The red and black
squares show the histograms obtained with the CROW and the refer-
ence waveguide, respectively. (D) Delay caused by the CROW as a
function of chip temperature [19].

CROW by changing the temperature. In fact, we observed
a change in the delay time when varying the chip tempera-
ture in a measurement similar to the one from which we
obtained the data shown in Figure 11C. The experimen-
tally obtained delay time as a function of the chip tem-
perature is shown in Figure 11D. Thus, we could tune the
buffer time by ~50 ps with a waveguide as short as 840
um. Note that we need 1.5-cm variable delay for 50-ps tun-
ability in free space.
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5 Silicon-silica hybrid waveguide
platform for integrated quantum
photonics

As we discussed so far, intensive studies are under way
with the aim of developing on-chip quantum information
devices, such as the processor shown in Figure 1. To fully
exploit the advantages of integrated photonics, it would
be ideal to integrate these different components on a
single substrate. Motivated by this, many researchers have
recently demonstrated the hybrid integration of different
quantum-optical components [103-109]. Hence, the stage
of integrated quantum photonics research is now moving
to hybrid integration on a chip.

Among the building blocks, quantum circuits can
be realized by using integrated waveguides with cores
made of silicon [18, 108, 110], GaAs [111], or silica-based
materials [1, 10, 13, 112]. Of these approaches, silica-based
waveguide technology has realized planar lightwave cir-
cuits with a significantly large scale for classical optical
communication [113, 114]; this capability will facilitate
the construction of large-scale quantum circuits. In this
context, a research group including an author of this
paper has recently realized a silica-based universal linear
optical circuit, which is capable of implementing any
unitary operations to path-encoded quantum states with
full reprogrammability [17]. In addition, the low non-
linearity of silica [115] helps in avoiding the generation
of unwanted photons by the intense pump fields used
for photon-pair generation in quantum light sources.
To exploit these advantages, integrating quantum light
sources and silica waveguides is an attractive approach
for constructing on-chip quantum information systems.

As stated above, silicon waveguides are useful as pho-
ton-pair sources. To incorporate the advantage of silicon
with that of silica-based quantum circuits, we have real-
ized a silicon-silica monolithic integration platform as
shown in Figure 12 [116]. The platform consists of a silicon
and silicon-rich silica (SiO ) waveguides that are adiabati-
cally interconnected with spot-size converters [117, 118].
The SiO_ waveguides have a core-cladding index contrast
of ~3%. The coupling loss at the spot-size converter inter-
face is as small as -0.35 dB per connection [119].

We investigated the photon-pair generation property
of the silicon-silica monolithic waveguide platform. From
experiments using waveguides with various lengths, we
confirmed that most of the photon pairs were generated
in the silicon waveguide region. Hence, the contribution
of our silica-based waveguide to unnecessary photon
generation was negligible as expected. Furthermore, the
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Figure 12: (A) Silicon-silica monolithic waveguide platform for
integrating photonic quantum information devices. The silica
overcladding and silicon substrate are not displayed for clarity. (B)
Cross-sectional views of each waveguide section [116].

nonlinearity of the silicon waveguide y was estimated to
be 161/W/m, which is as high as that of silicon waveguides
fabricated without the SiO_deposition process [53].

Toward full-scale integration, an important step is
the integration of a photon-pair source with its interface,
namely, a photon-pair demultiplexer. Using the mono-
lithic platform, we constructed a chip capable of generat-
ing and demultiplexing quantum correlated photons [89].
Figure 13A is a schematic diagram of the monolithic device
together with the experimental setup. In the device, cor-
related photon pairs were created via spontaneous FWM
in an SWW with a length of 1.37 cm and subsequently
spectrally separated by the on-chip Si0 _ AWG into differ-
ent output channels. The AWG had 16 output channels
designed to have a 200-GHz channel spacing.

In the experiment, we obtained pump pulses cen-
tered at 1560.5 nm with a pulse duration of 200 ps and
repetition rate of 100 MHz using a setup similar to that
shown in Figure 4A. Photons were collected from a pair
of waveguides that were three channels away from the
center output port. The transmission spectra of the two
AWG outputs are shown in Figure 13B. The 3-dB passband
widths of the transmission windows are approximately
80 GHz. The spot-size converter interfaced the silicon
waveguide and the AWG. The output optical fields were
collected by optical fibers with a high numerical aperture
integrated on a V-groove array. Then the photons were
introduced into spectral filters, each of which consisted
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Figure 13: (A) A chip housing a silicon waveguide photon pair
source and a silica-based AWG, illustrated with the experimental
setup. (B) Transmission spectra from the on-chip AWG output ports
used for the collection of the photon pairs. (C) Net photon pair gen-
eration rate as a function of pump peak power [116].

of a fiber-Bragg-grating notch filter and a band-pass
filter (BPF) for the suppression of residual pump fields.
The 3-dB bandwidth of the BPF Ay was 100 GHz, which
covered the AWG passbands. The photons were received
by InGaAs SPADs and a coincidence measurement was
performed. The overall transmittance of the filters was
-2.8 dB and the AWG insertion loss was -7.7 dB.

Figure 13C shows the net photon-pair generation rate
estimated from the experiment as a function of the pump
peak power. The data exhibited good power-squared
dependence, indicating photon-pair generation via the
spontaneous FWM process. The solid line shows the esti-
mation obtained with Eq. (3) using the same y=161/W/m
obtained above and the insertion loss of the AWG. The
experimental result agreed well with the calculation.

The chip can be used as a compact correlated
photon pair source and will be useful for the construc-
tion of a multiplexed single-photon source [103] and for
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wavelength-division multiplexing quantum communica-
tion technologies [120]. The silica-based AWG can provide
an interface between a silicon-based photon pair source
and silica-based functional circuits [17]. The wavelength-
multiplexing capability would be useful for harnessing
high-dimensional quantum states on a chip [121, 122].
An integration with high-speed optical switches using a
silicon-LiNbO, hybrid integration approach is attractive
for realizing a quantum information system with further
functionality [123].

6 Summary and discussion

We have reviewed the recent progress in integrated
quantum photonics based on silicon photonics tech-
nologies. We have described a monolithic integration of
a polarization entangled photon pair source based on
an SWW as an example of a quantum optical circuit that
integrates several optical devices to realize a quantum
function. We have also described our efforts to develop
ultracompact photon sources based on silicon PhC tech-
nologies, which will be useful for realizing an on-demand
single-photon source based on the heralding approach. As
a novel function that will be useful for flexible design of
integrated quantum optical circuits, we have presented an
experiment on an integrated quantum buffer realized with
silicon PhC. Finally, we have shown a hybrid approach,
with which we can combine the advantages of silica and
silicon platforms.

We have developed both polarization and time-bin
entangled photon-pair sources. An advantage of polari-
zation qubits is that we can utilize schemes developed in
previous free-space quantum information experiments,
including various quantum gates based on polarization
beam splitters. On the other hand, the majority of wave-
guide devices show polarization-dependent loss and dis-
persion, which makes it relatively challenging to build a
large-scale system based on polarization qubits. Time-bin
qubits are potentially useful for waveguides with polariza-
tion dependence, but they have not been studied inten-
sively for complex quantum information experiments.
Thus, further investigations to develop various functional
circuits based on time-bin qubits are needed. As such an
investigation, a two-qubit operation of time-bin qubits
has been demonstrated using an optical switch based on
a lithium niobate waveguide [124].

The topics introduced here are the basic elements for
a photonic quantum system on silicon chips. Therefore,
an important future work is to integrate these elements. It
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is relatively straightforward to combine SWWs and silicon
PhC waveguides on the same chip, and in fact, our CROWs
are integrated with SWWs. The use of the hybrid integra-
tion described in Section 5 enables us to combine low-
loss functional circuits based on silica waveguides with
other functions realized on silicon waveguides, including
the SWWs and PhC waveguides. The choice of elements
depends on the purpose of the system. For example, the
polarization entangled photon-pair source introduced in
Section 2 will be useful for realizing polarization-qubit-
based quantum systems on chips, while ultra-small pho-
ton-pair sources based on CROW are advantageous for
larger scale quantum systems based on path or time-bin
encoding. In addition, it is also possible to use the CROW
for systems based on the polarization encoding by incor-
porating the polarization diversity technique reported in
Ref. [49]. When integrated with the various functional cir-
cuits and on-chip detectors developed so far, we expect
that the technologies shown here will contribute to the
realization of quantum processors based on fully inte-
grated quantum optical circuits.
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