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1.   Introduction

Photons are excellent carriers of qubits, which are 
substantial resources for quantum information pro-
cessing (QIP) technologies [1]. The application of 
QIP includes quantum computation, where there are 
known tasks that can be performed significantly 
faster compared to what can be achieved on today’s 
conventional classical machines. The tasks could 
include simulation, factoring, searching, and so on. 
As is predicted from the current classical computers, 
it will be necessary to miniaturize and integrate QIP 
devices on a small chip. This implementation can be 
done by using integrated photonics technology such 
as silica-based planar lightwave circuits and silicon 
photonic circuits, which for many years have been 
developed for telecommunications applications by 
many institutions including NTT. For instance, we 
can achieve a quantum logic gate for quantum com-
putation by exploiting directional couplers (beam 
splitters) [2], which are fundamental devices widely 
used in optical communication. Consequently, much 
research is being done on developing a QIP system 
using integrated photonics technologies.

A typical integrated quantum system is schemati-

cally depicted in Fig. 1. The system has three main 
building blocks: quantum light sources that generate 
non-classical light such as a single photon or entan-
gled photons [3, 4]; a linear-optical quantum circuit 
that manipulates quantum states encoded in the pho-
ton’s physical degrees of freedom [5]; and single-
photon detectors. Here, we achieved a light source 
and a new component for the circuit using silicon 
photonic crystal nanocavities [6]. Thanks to a strong 
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Fig. 1.   �Schematic illustration of integrated quantum 
information system.
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light confinement feature achieved in photonic crys-
tals, we realized ultra-compact photonic components 
on a chip. Moreover, we successfully improved the 
efficiency and the functionality of those devices by 
exploiting the slow-light mode that arises in nanoscale 
photonic crystals [7, 8].

2.   Silicon photonic crystal coupled-resonator 
optical waveguides

We use coupled-resonator optical waveguides 
(CROWs) consisting of photonic crystal nanocavities 
[5]. A CROW is a waveguide consisting of optical 
cavities that are nearest-neighbour coupled along a 
one-dimensional direction. The chain of optical cavi-
ties induces a collectively resonant mode, whose 
properties (bandwidth and dispersion) can be strongly 
modulated by controlling the strength of the inter-
cavity couplings. This feature is unlike that of con-
ventional optical waveguides whose guiding proper-
ties are dominated by lateral confinement structures. 
Because of this feature, we can design CROWs to 
realize a large-bandwidth waveguide for high-speed 
signal transmission, or a small-group velocity wave-
guide for buffering optical signals depending on the 
application.

A schematic of our photonic crystal CROW is 
shown in Fig. 2(a). The CROW is fabricated on a 
210-nm-thick silicon top layer of a silicon-on-insula-

tor wafer. The photonic crystal is formed by triangu-
lar-lattice air holes 105 nm in diameter and with a 
lattice constant a of 420 nm. Each optical cavity is 
formed by the local width modulation of a line defect 
in the photonic crystal. The colored holes are shifted 
by a few nanometers in-plane toward outside. This 
width modulation yields a cavity mode with a cavity 
Q greater than one million [9].

We show transmission and group index spectra of 
our CROW in Fig. 2(b). Here, the group index ng is 
the group velocity in a vacuum c divided by the group 
velocity in the media. The CROW exhibits ng ≈ 40 in 
a passband as wide as 6 nm. The CROW has low loss 
thanks to the ultrahigh Q of individual cavities, which 
suppresses the out-of-plane scattering of the propa-
gating optical field [9]. In addition, our nanofabrica-
tion accuracy is high enough that the propagation 
mode is less influenced by a localized mode caused 
by structural disorder [10]. As a result, we success-
fully achieved light propagation in a CROW up to 400 
cavities, which is the largest scale to date.

3.   Slow-light-enhanced generation of correlated 
photon pairs

The non-classical light source includes a correlated 
photon pair source, which generates a pair of photons 
that correlate in their generation time. For the genera-
tion, we can use a spontaneous four-wave mixing 

Fig. 2.   (a) Schematic of photonic crystal CROW and (b) CROW spectra.
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(a) Schematic of photonic crystal CROW (7 nanocavities) displayed with propagating optical pulses

(b) Transmission and group-index spectra of CROW with 200 cavities
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(SFWM) process, which is a third-order nonlinear 
effect. By injecting a pump laser with an appropriate 
wavelength into a nonlinear waveguide, we can create 
correlated twin photons after annihilating two pho-
tons in the pump field. This process obeys the conser-
vation law of energy and momentum between the 
four involved photons. Here, we call the generated 
twin photons a signal photon and an idler photon.

We can enhance the nonlinear optical effect per unit 
device size using slow-light propagation. This is 
because, first, the slow-light mode simply prolongs 
the light-matter interaction time by a factor of ng. 
Second, the slow-light mode compresses the optical 
field along the propagation axis such that its peak 
intensity increases by a factor of ng. As a result, the 
nonlinear constant γ (/W/m), which is a typical mea-
sure of the strength of waveguide nonlinearity, is 
proportional to ng

2. Our experiment demonstrated γ = 
13,000/W/m at ng ≈ 49 [11]. This value is the highest 
ever reported in any silicon-core nonlinear wave-
guides. This value also indicates that a 1-mm-long 
CROW yields nonlinearity that is as strong as that of 
a 10-km-long optical fiber.

We attempted to improve the generation efficiency 
of photon pairs via SFWM using the slow-light effect. 
The experimental setup is schematically depicted in 
Fig. 3(a). We injected pump pulses with a center 
wavelength of 1545.4 nm to the CROW. Photon pairs 
generated in the CROW are separated by the wave-

length-division-multiplexing (WDM) filter into two 
different optical paths, and subsequently received by 
the single-photon counting modules (SPCMs). The 
pair generation rate can be estimated by a coinci-
dence measurement of the detection signals from the 
two SPCMs.

The experimental results are shown in Fig. 3(b). We 
see that the generation rate is proportional to the 
square of the pump power. This is because the photon 
pair generation in SFWM is caused by the simultane-
ous annihilation of two photons in the pump field. We 
also performed the same experiment using a refer-
ence line-defect photonic crystal waveguide (ng ≈ 6) 
fabricated on the same chip. From Fig. 3(b), we 
observe that the pair generation rate from the CROW 
is two orders of magnitude larger than that from the 
reference waveguide. The enhancement can be 
explained by the differences in the ng values and the 
length of the waveguides. We obtained a pair genera-
tion rate of 0.1 per pump pulse at an average pump 
power of less than 1 mW; this generation rate is high 
enough for the photon pair source based on spontane-
ous processes. Thus, we successfully enhanced the 
photon pair generation rate by almost 100 times using 
the slow-light effect in the CROW [6].

We further demonstrated the efficient generation of 
entangled photons from the CROW [12]. Quantum 
entanglement is a key resource for many QIP proto-
cols. This is a key technology to realize a compact 

Fig. 3.   Slow-light-enhanced correlated photon pair generation using CROW.
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on-chip entangled photon source required for large-
scale quantum information systems.

4.   On-chip quantum buffer

The quantum circuit shown in Fig. 1 consists of 
arithmetic elements such as quantum logic gates, for 
which we can use the quantum interference effect 
between two identical photons on a directional cou-
pler (i.e., beam splitter) [2]. In doing so, we have to 
synchronize the arrival times of the photons generat-
ed from different sources at the directional coupler. 
Such synchronization can be achieved by means of a 
quantum buffer, which is capable of actively control-
ling the propagation time of a photon without degrad-
ing its quantum properties.

We created a quantum buffer using the photonic 
crystal CROW [8]. The experimental setup is shown 
in Fig. 4(a). We inserted a CROW in the optical path 
of the signal photon before the photon pair detection 
at the SPCMs. We performed the coincidence mea-
surement and obtain an arrival time difference of the 
correlated photons. We observed this arrival time dif-
ference with and without the CROW. To obtain the 
high temporal resolution necessary to discriminate 
the arrival time difference, we used superconducting 
single-photon detectors, which have a high temporal 
resolution as well as a high signal-to-noise ratio.

The experimental result is shown in Fig. 4(b). The 
horizontal axis indicates the arrival time difference of 

the pair of photons; that is, it indicates the extent of 
the delay of the signal photons with respect to the 
arrival of the idler photons. The vertical axis is a coin-
cidence count normalized with respect to the peak 
count rate. For a reference, we used the same line-
defect photonic crystal waveguide as the one used in 
the experiment described in section 3. We set the 
arrival time difference for the reference waveguide to 
the origin of the horizontal axis. By replacing the 
reference waveguide with the CROW, we observed a 
clear delay—as much as 150 ps—of the arrival time 
of the signal photons. Hence, we successfully demon-
strated a single-photon delay line on a chip. A clear 
transmission signal was obtained even with the 
CROW with 400 cavities thanks to the ultrahigh Q 
value of each photonic crystal cavity.

We conducted another experiment to actively con-
trol the buffering time. To achieve this, we exploited 
the wavelength dependence of ng shown in Fig. 2(b). 
The ng spectrum can be shifted along the wavelength 
axis simply by varying the temperature of the CROW. 
In this way, we can change the ng of the CROW with-
out changing the wavelength of the signal photon. We 
show the coincidence waveform at the chip tempera-
ture of 55°C. The delay time is approximately 103 ps. 
Thus, we achieved delay tuning of the single-photon 
wave packets over approximately 50 ps. 

Furthermore, we also confirmed that the chip was 
able to buffer one of the entangled photons. The time-
bin entanglement encoded in the correlated photons 

Fig. 4.   Single-photon buffer experiment using photonic crystal CROW.
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was successfully stored for 150 ps without any degra-
dation of the degree of entanglement. This experi-
ment suggests that we can readily utilize our on-chip 
quantum buffer for storing and retrieving photons that 
possess qubit information.

5.   Summary and outlook

We reported on-chip quantum photonic devices 
using the slow-light effect in a silicon photonic crys-
tal CROW. We have shown that photonic crystal 
technology can increase the efficiency and function-
ality of building blocks for integrated photonic quan-
tum information processing. To fully achieve the 
integrated QIP system, it is also necessary to integrate 
a WDM filter for the photon pair source and single-
photon detectors. We aim to monolithically integrate 
the quantum subsystems in our efforts to realize a 
large-scale photonic QIP system.

Acknowledgement

This work was partly supported by Grants-in-Aid 
for Scientific Research (Kakenhi) from the Japan 
Society for the Promotion of Science (22360034).

References

[1]	 P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and G. J. 
Milburn, “Linear Optical Quantum Computing with Photonic Qubits,” 
Rev. Mod. Phys. Vol. 79, pp. 135–174, 2007.

[2]	 A. Politi, M. J. Cryan, J. G. Rarity, S. Yu, and J. L. O’Brien, “Silica-
on-silicon Waveguide Quantum Circuits,” Science, Vol. 320, No. 
5876, pp. 646–649, 2008.

[3]	 A. Peruzzo, M. Lobino, J. C. F. Matthews, N. Matsuda, A. Politi, K. 
Poulios, X.-Q. Zhou, Y. Lahini, N. Ismail, K. Wörhoff, Y. Bromberg, 
Y. Silberberg, M. G. Thompson, and J. L. O’Brien, “Quantum Walks 
of Correlated Photons,” Science, Vol. 329, No. 5998, pp. 1500–1503, 
2010.

[4]	 H. Takesue, Y. Tokura, H. Fukuda, T. Tsuchizawa, T. Watanabe, K. 
Yamada, and S. Itabashi, “Entanglement Generation Using Silicon 
Wire Waveguide,” Appl. Phys. Lett., Vol. 91, No. 201108, 2007.

[5]	 N. Matsuda, H. Le Jeannic, H. Fukuda, T. Tsuchizawa, W. J. Munro, 
K. Shimizu, K. Yamada, Y. Tokura, and H. Takesue, “A Monolithi-
cally Integrated Polarization Entangled Photon Pair Source on a Sili-
con Chip,” Sci. Rep., Vol. 2, Article No. 817, 2012.

[6]	 M. Notomi, E. Kuramochi, and T. Tanabe, “Large-scale Arrays of 
Ultrahigh-Q Coupled Nanocavities,” Nat. Photon. Vol. 2, pp. 741–
747, 2008.

[7]	 N. Matsuda, H. Takesue, K. Shimizu, Y. Tokura, E. Kuramochi, and 
M. Notomi, “Slow Light Enhanced Correlated Photon Pair Genera-
tion in Photonic-crystal Coupled-resonator Optical Waveguides,” Opt. 
Express, Vol. 21, No. 7, pp. 8596–8604, 2013.

[8]	 H. Takesue, N. Matsuda, E. Kuramochi, W. J. Munro, and M. Notomi, 
“An On-chip Coupled Resonator Optical Waveguide Single-photon 
Buffer,” Nat. Commun., Vol. 4, Article No. 2725, pp. 1–7, 2013.

[9]	 E. Kuramochi, M. Notomi, S. Mitsugi, A. Shinya, T. Tanabe, and T. 
Watanabe, “Ultrahigh-Q Photonic Crystal Nanocavities Realized by 
the Local Width Modulation of a Line Defect,” Appl. Phys. Lett., Vol. 
88, No. 041112, 2006.

[10]	 N. Matsuda, E. Kuramochi, H. Takesue, and M. Notomi, “Dispersion 
and Light Transport Characteristics of Large-scale Photonic-crystal 
Coupled Nanocavity Arrays,” Opt. Lett., Vol. 39, No. 8, pp. 2290–
2293, 2014.

[11]	 N. Matsuda, T. Kato, K. Harada, H. Takesue, E. Kuramochi, H. Tani-
yama, and M. Notomi, “Slow Light Enhanced Optical Nonlinearity in 
a Silicon Photonic Crystal Coupled-resonator Optical Waveguide,” 
Opt. Express, Vol. 19, No. 21, pp. 19861–19874, 2011.

[12]	 H. Takesue, N. Matsuda, E. Kuramochi, and M. Notomi, “Entangled 
Photons from On-chip Slow Light,” Sci. Rep., Vol. 4, No. 3913, pp. 
1–4, 2014.



Vol. 12 No. 9 Sept. 2014 �

Feature Articles

Nobuyuki Matsuda
Research Scientist, Quantum Optical State 

Control Research Group, Optical Science Labo-
ratory, NTT Basic Research Laboratories and 
NTT Nanophotonics Center.

He received the B.E., M.E. and Ph.D. from the 
Department of Electrical Engineering, Tohoku 
University, Miyagi, in 2005, 2006, and 2009, 
respectively. During 2009–2010, he was a visit-
ing research scholar at University of Bristol, UK. 
He joined NTT Basic Research Laboratories in 
2010 and has since been engaged in research on 
integrated quantum photonics and single-photon 
nonlinear optics. He is a member of the Physical 
Society of Japan and the Japan Society of 
Applied Physics (JSAP).

Hiroki Takesue
Senior Research Scientist, Supervisor, Distin-

guished Researcher, Quantum Optical State 
Control Research Group, Optical Science Labo-
ratory, NTT Basic Research Laboratories.

He received the B.E., M.E., and Ph.D. in engi-
neering science from Osaka University in 1994, 
1996, and 2002, respectively. In 1996, he joined 
NTT laboratories, where he was engaged in 
research on lightwave frequency synthesis, opti-
cal access networks using wavelength division 
multiplexing, and quantum optics. His current 
research interests include quantum optic experi-
ments using nonlinear waveguides and quantum 
communication based on entanglement. He is the 
recipient of several awards, including the ITU-T 
Kaleidoscope Conference 2nd Best Paper Award 
in 2008 and The Commendation for Science and 
Technology by the Minister of Education, Cul-
ture, Sports, Science and Technology of Japan 
(The Young Scientists’ Prize) in 2010. From 2004 
to 2005, he was a visiting scholar at Stanford 
University, California, USA. He is a member of 
the Institute of Electrical and Electronics Engi-
neers (IEEE) and JSAP.

William John Munro
Senior Research Scientist, Theoretical Quan-

tum Physics Research Group, Optical Science 
Laboratory, NTT Basic Research Laboratories.

He received his BSc in chemistry and physics 
in 1989, an MSc in physics in 1991, and a DPhil 
in quantum optics in 1994 from the University of 
Waikato, New Zealand. In July 1997 he accepted 
an Australian Research Council Fellowship at the 
Department of Physics at the University of 
Queensland, Australia. During this fellowship he 
investigated multiparticle tests of quantum 
mechanics and developed an interest in entangle-
ment, methods to characterize it, and its practical 
use in QIP. In November 2000, he joined HP 
Labs as a research scientist to develop applica-
tions of quantum technology. In early 2010 he 
joined NTT Basic Research Laboratories as a 
research specialist and was promoted to senior 
research scientist in 2014. He is currently a Fel-
low of both the IOP (Institute of Physics) of UK 
and the American Physical Society (APS).

Eiichi Kuramochi
Senior Research Scientist, Photonic Nano-

structure Research Group, Optical Science Labo-
ratory, NTT Basic Research Laboratories and 
NTT Nanophotonics Center.

He received the B.E., M.E., and Ph.D. in elec-
trical engineering from Waseda University, 
Tokyo, in 1989, 1991, and 2004, respectively. In 
1991, he joined NTT Optoelectronics Laborato-
ries, where he conducted research on semicon-
ductor nanostructures for photonic devices. Since 
1998, he has been engaged in research on pho-
tonic crystals at NTT Basic Research Laborato-
ries. His primary technical field is nanofabrica-
tion. He received a Poster Award at the Interna-
tional Photonic and Electromagnetic Crystal 
Structures Meeting (PECS) in 2005 and 2007. He 
is a member of JSAP.

Masaya Notomi
Senior Distinguished Scientist, Group Leader, 

Photonic Nanostructure Research Group, NTT 
Basic Research Laboratories and Director of 
NTT Nanophotonics Center.

He received the B.E., M.E., and Dr. Eng. in 
applied physics from the University of Tokyo in 
1986, 1988, and 1997, respectively. He joined 
NTT Optoelectronics Laboratories in 1988. 
Since then, his research interest has focused on 
controlling the optical properties of materials and 
devices by using artificial nanostructures. He has 
been with NTT Basic Research Laboratories 
since 1999. During 1996–1997, he was a visiting 
researcher at Linköping University in Sweden. 
He was a guest associate professor in the Depart-
ment of Applied Electronics at Tokyo Institute of 
Technology (TIT) (2003–2009) and is currently a 
guest professor in the Department of Physics at 
TIT. He received the 2006–2008 IEEE/LEOS 
Distinguished Lecturer Award, the JSPS (Japan 
Society for the Promotion of Science) Prize in 
2009, the Japan Academy Medal in 2009, and the 
Commendation for Science and Technology 
from the Minister of Education, Culture, Sports, 
Science and Technology (Prize for Science and 
Technology, Research Category) in 2010. He is a 
member of JSAP, APS, the Optical Society of 
America, and a fellow of IEEE.


