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We report an efficient energy-time entangled photon-pair source based on four-wave mixing in
a CMOS-compatible silicon photonics ring resonator. Thanks to suitable optimization, the source
shows a large spectral brightness of 400 pairs of entangled photons /s/MHz for 500µW pump power.
Additionally, the resonator has been engineered so as to generate a frequency comb structure com-
patible with standard telecom dense wavelength division multiplexers. We demonstrate high-purity
energy-time entanglement, i.e., free of photonic noise, with near perfect raw visibilities (> 98%)
between various channel pairs in the telecom C-band. Such a compact source stands as a path
towards more complex quantum photonic circuits dedicated to quantum communication systems.
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I. INTRODUCTION

Integrated photonics plays a major role in the develop-
ment of classical information technologies [1]. Significant
efforts have been devoted to multiplexing operations for
addressing the challenge of high-capacity and high-speed
telecommunication links. Among the physical observ-
ables that can be exploited to multiplex data streams, one
of the most mature techniques for long-distance commu-
nication lies in exploiting dense wavelength-division mul-
tiplexing (DWDM) thanks to its natural immunity to
propagation disturbances (polarization mode and chro-
matic dispersions). On the quantum communication
side, current integrated circuits operate almost exclu-
sively in the single mode regime, and typically under-
exploit the tremendous abilities offered by standard fiber
optical technologies. In the perspective of improving
quantum key distribution (QKD) systems, a key step
lies in the development of robust and reliable devices,
showing straightforward compatibility with telecom stan-
dards and, consequently, with multimodal operations in
the spectral domain [2–6].

Silicon-on-insulator (SOI) represents one of the most
promising technological platforms, offering high integra-
tion density and CMOS compatibility [7]. Recently, SOI
has also proven its suitability for the generation of corre-
lated photon pairs through spontaneous four-wave mix-
ing (SFWM) [8–14]. Moreover, single crystalline sili-
con (Si) exhibits a very narrowband Raman emission
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peak (105 GHz) in comparison to silica (10 THz), which
dramatically reduces spurious broadband noise for tele-
com C-band applications [15]. Those features make the
SOI platform appealing for further developing integrated
quantum photonics devices. Notably, significant efforts
were devoted to develop integrated entangled photon-pair
sources (EPPS) exploiting WDM strategies [6, 9, 11, 16–
19]. So far, Si photonics based EPPS have either shown
near perfect visibility (> 95%) but in a single channel
pair [17], or, conversely, focussed on the scalibility of the
source with lower visibility [18].

This work tackles these two challenges at the same time
thanks an entangled photon-pair source based on a SOI
structure consisting of a micro-ring resonator coupled to
a feeding waveguide. First, we optimize the ring radius in
order to generate and distribute entangled photon pairs
on a frequency-comb grid in the telecom C-band, sym-
metrically to the pump wavelength. This strategy per-
mits exploiting the capabilities offered by DWDM de-
vices, thus allowing to significantly increase the bit rate
by using off-the-shelves standard telecom components.
We optimize the frequency-comb structure linewidth as
a trade-off between brightness and robustness: narrower
linewidths lead to brighter sources at the cost of advanced
stabilization systems [6, 20]. We successfully distribute
energy-time entanglement simultaneously over multiple
channel pairs using off-the-shelves DWDM components.
We obtain nearly noise-free two-photon interferences pat-
tern showing visibility figures of merit higher than 98% in
the raw data. This source can therefore serve as a perti-
nent standalone technological resource for large-capacity
entanglement-based QKD systems.
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FIG. 1. Transmission spectrum from the sample. The left
part is devoted for the setup, PC: polarization controller, PD:
power detector. The right bottom part shows the strategy of
our source: spectrally-correlated photon pairs are generated
in ITU-grid paired channels located symmetrically with re-
spect to the pump channel. More specifically, the pump laser
is matched to a resonance peak corresponding to the inter-
national telecom union (ITU) channel 50, and twin photons
are produced in two symmetrical resonance peaks, i.e, ITU
channels 48/52, 45/55, 43/57. For clarity, the most separated
channel pair (ITU channels 41/59) is not illustrated.

II. DESIGN AND OPTICAL
CHARACTERIZATIONS OF THE PHOTON-PAIR

GENERATOR

The silicon device employed in our experiment is a
micro-ring resonator evanescently coupled to a feeding
waveguide located on one side of the ring (see the left part
of FIG. 1). Both ring and straight waveguides, which are
etched on a SOI substrate, feature the same transverse
dimensions: 600 nm (width) by 220 nm (height). The
ring resonator radius of 60µm is designed to provide a
moderate free spectral range (FSR) of ∼230 GHz, that
matches telecom channels. A coupling distance of 100 nm
has been chosen in order to maximize the energy transfer
between the feeding waveguide and the micro-resonator
(critical-coupling distance).

FIG. 1 presents the experimental setup employed for
classical characterizations. Light from a narrowband tun-
able telecom CW laser (Yenista Tunics) is coupled into
the device. The polarization of the pump light is aligned
to the TE mode of the silicon waveguide using a po-
larization controller (PC). Coupling the laser into and
out of the chip is performed thanks to grating couplers
in which light is injected by means of an almost vertical
single-mode fiber. The angle is fine tuned to optimize the
transmission at the pump wavelength. The total coupling
losses from standard fiber to the feeding waveguide is of
about 10 dB. As shown in the right side of FIG. 1, the
typical transmission profile of our micro-ring resonator
features a frequency-comb structure matching that of the
ITU-grid. From extinction ratio measurements, we infer
a quality factor (Q) of 40 000 [20]. We therefore expect

FIG. 2. Quadratic evolution of the internal photon-pair pro-
duction rate as a function of the coupled pump power.

the generation of photon pairs (usually referred to as sig-
nal and idler photons) symmetrically around the pump
laser wavelength. The measured single-photon spectral
bandwidth is 5 GHz, corresponding to a coherence time
of ∼100 ps.

In order to maximize the transfer of pump light into the
micro-ring resonator, we accurately study the dynamics
of the frequency comb. Depending on the pump power
inside the ring, the resonances are frequency-shifted by
∼10 GHz/K due to thermo-optic effects in the silicon sub-
strate [21]. In the meantime, the power transferred to the
resonator depends on the wavelength detuning between
the pump laser and the shifted resonance. In general, in
order to precisely determine the resonances of the ring,
this thermal effect has to be addressed. Interestingly,
the moderate Q factor of our resonator helps improv-
ing the robustness against such thermal drifts. Hence, a
standard stabilization system using a simple temperature
controller is sufficient to efficiently control the frequency-
comb structure dynamics, enabling long-term stability.

We now focus on the study of the non-linear process re-
sponsible for the generation of photon pairs. To this end,
we fix the pump wavelength at 1537.4 nm (ITU channel
50). Through SFWM, two pump photons are annihi-
lated, and spectrally correlated signal and idler photons
are created according to the conservation of both the en-
ergy and the momentum. The efficiency of this process
is substantially enhanced by matching the pump wave-
length to a resonance of the micro-ring resonator, within
the SFWM gain bandwidth. Residual amplified sponta-
neous emission from the laser is suppressed using a tun-
able bandpass fiber optics filter in front of the chip (BPF,
Yenista XTM-50) showing a 3-dB bandwidth of 100 pm.
Together with a series of additional narrow bandwidth
BPFs, we achieve an off-band isolation of 100 dB (see
FIG. 3(a)). Another BPF of the same type is placed af-
ter the chip to isolate the emitted photons in one of the
resonances. The single-photon rate is then recorded us-
ing an InGaAs avalanche photodiode (APD, IDQ-230) as
a function of the injected pump power inside the feeding
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waveguide. Figure. 2 reports the corresponding on-chip
photon-pair generation rate, taking into account all op-
tical losses (coupling and propagation) as well as non-
unity detection efficiency. The quadratic increase of the
emitted rate indicates that the SFWM process is not
saturated and not polluted by non-linear losses such as
free-carrier absorption and two-photon absorption [22].
The Q factor enables to obtain a high internal photon-
pair production rate of 2 ·106 pairs/s for 500µW coupled
pump power only. Taking into account the narrow band-
width of the cavity modes (∼5 GHz), we obtain a high
spectral brightness of ∼400 pairs/s/MHz, which stands
among the best values reported to date [7, 8, 16, 23, 24].
We emphasize that the inherent properties of this source
(quality factor, photon-pair production efficiency, res-
onances extinction ratio, resonance positions matching
that of the ITU grid) meet the requirements for efficiently
distributing entangled photon-pairs in standard telecom
channels.

III. ENERGY-TIME ENTANGLEMENT
ANALYSIS

Our source has mainly been designed for entanglement-
based QKD systems. As coding strategy, we consider
energy-time observables which are well suited for fiber
based distribution over long distances [25]. FIG. 3(a)
and (c) show the entire setup for producing and analyzing
energy-time entanglement.

After the paired photons are generated in the ring
resonator, entanglement is revealed using a folded Fran-
son arrangement consisting of a single unbalanced fiber
Michelson interferometer (F-MI) [26, 27]. Signal and
idler photons are subsequently wavelength-demultiplexed
thanks to a pair of off-the-shelves DWDM components
(AC Photonics, 100 GHz / 8-channels) which cover the
ITU channels 41 7→48 (idler modes) and channels 527→59
(signal modes). Additional combination of broadband
fiber-Bragg grating filters and DWDM permit to achieve
pump laser rejection exceeding 100 dB in all exploited
channels. The generated photons are detected thanks
to low-noise InGaAs APDs. The APD for the signal
photons (IDQ-230) features 25% efficiency and 250 dark
counts/s, while that for the idler photons (IDQ-220)
shows 20% and 1100 dark counts/s. For both APDs, the
dead-time is set to 16µs. Both detectors are operated
in the free-running regime. The transmission losses for
both signal and idler photons, including output-coupling
to the fiber and detection efficiencies, are measured to be
22 dB.

Exploiting energy-time observables relies in the sys-
tematic lack of information of the pairs’ creation time
within the coherence time of the employed CW pump
laser. In practice, twin photons pass through the un-
balanced interferometer following either the same path
(short-short or long-long) or different paths (long-short,
or conversely) [28]. These contributions are distinguished
by measuring the arrival times of the idler photons with

respect to those of the signal photons using a time in-
terval analyzer (not represented). This enables record-
ing a coincidence histogram comprising three peaks (see
Fig. 3(c)).

To guarantee high-purity entanglement, the interfero-
metric analysis system needs to fulfil two main require-
ments. On one hand, the propagation time difference
between the arms of the interferometer, ∆T , has to be
(i) greater than the coherence time of the single pho-
tons (τ ∼ 100 ps, deduced from the linewidth of the
frequency resonances) to avoid first-order interference,
and (ii) shorter than the coherence time of the CW
pump laser (τ ∼100 ns) in order to have a coherent su-
perposition between short-short and long-long contribu-
tions recorded in the central peak of the coincidence his-
togram [26]. By isolating electronically this peak using a
time window, entanglement can be revealed in the form
of cross-correlation fourth-order interference. To fulfil
the two above mentioned conditions, and to take into ac-
count the detectors’ timing jitter (σexp = 250± 50 ps),
the travel-time difference in the interferometer is chosen
to be ∼350 ps.

On the other hand, long-term interferometer phase sta-
bility is ensured using an active system based on a dither
loop. To this end, a 1560.5 nm reference laser (RIO
Orion) is sent to the interferometer through a dense wave-
length division multiplexer in the counter-propagating di-
rection compared to that of the entangled photons. The
relative phase between the two arms of the interferometer
is monitored via an intensity measurement and a piezo-
electric fiber stretcher placed in its the long arm corrects
unwanted drifts. Our stabilization scheme has a loop
bandwidth of 300 Hz which is fast enough to guarantee a
stability of ∆φ < 2π

50 . The two-photon phase is tuned by
changing the wavelength of the reference laser through
temperature control.

We now analyse the coincidence events registered in
the central peak, which amounts to a sinusoidal oscil-
lation as a function of the two-photon phase, ∆φ, i.e.
the sum of the phases acquired by the two individual
photons in the interferometer. We exploit the channel
capacity offered by our DWDM devices to measure two-
photon interference fringes between various paired chan-
nels. To this end, we subsequently realize this measure-
ment in the ITU paired channels 48/52, 45/55, 43/57,
and 41/59, all symmetrically located on both sides of the
pump channel (ITU 50). We obtain sinusoidal modula-
tions of the coincidence rates as shown in FIG. 4(a)–(d).
Moreover, FIG. 4(e) shows raw coincidence histograms
corresponding to three particular phase values: a min-
imum, half a maximum and a maximum. The quality
of the measured entangled state is assessed by measur-
ing the two-photon interference fringe visibilities, defined
as C = (Cmax −Cmin)/(Cmax +Cmin). Here, Cmax and
Cmin denote the maximum and the minimum coincidence
rates, respectively, obtained from fitting the data with a
sinusoidal function. We infer visibilities of 99.2± 2.3%,
98.9± 2.7%, 98.1± 0.9%, 98.8± 1.5%, respectively, us-
ing only free fit parameters. When subtracting the acci-
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FIG. 3. Experimental setup. (a) Scheme of the EPPS (see main text for details). BPF: bandpass filter. (b) Employed filter
acting as a spectrometer to measure the transmission profile, in the form of a frequency comb, at the output of the integrated
Si-resonator. PD: power detector. (c) Coincidence histogram obtained from spectrally demultiplexed photon pairs. For the
sake of clarity, the drawing has been simplified as we use two cascaded bandpass filters to reject the pump and a pair of
8x100 GHz DWDM devices associated with a circulator and a fiber Bragg grating filter. Circ: circulator, FM: Faraday mirror,
APD: avalanche photodiode, F-MI: fiber Michelson interferometer.

(a) (b)

(c) (d)

(e)

FIG. 4. Two-photon interference fringes obtained with energy-time entangled photons. The curves show the coincidence
counts for the ITU paired channels 48/52 (a) 45/55 (b) 43/57 (c) and 41/59 (d) as a function of the interferometer phase.

Experimental data are assumed to have an error-bar magnitude of
√
N (N stands as the number of coincidences measured) as

the photon pair emission statistic is poissonian. (e) Raw histograms corresponding to 3 particular phase values for curve (a):
minimum, half a maximum, and maximum of the two-photon interference fringe.

dental coincidences originating only from the detectors’ dark counts, we obtain net visibilities of 99.7%, 99.4%,
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98.6%, 99.3%, respectively. Note that due to an non
optimized path length difference in the interferometer,
the 3 peaks of the coincidence histogram are not per-
fectly separated. We compute a 0.3 % degradation in
the visibilities because of this crosstalk. Those extremely
high quantum interference visibilities stand as a clear wit-
ness of the non-classical correlations existing between the
paired photons, as they not only exceed exceed largely
the threshold of 1/

√
2 = 70.7% but also are very close to

unity [16, 26, 28]. Let us stress that these results stand
as the highest raw quantum interference visibilities for
energy-time entangled photon pairs for micro/nanoscale
EPPSs [11–14, 17, 24, 29]. We also emphasize that this
nearly perfect visibilities demonstrate both the high qual-
ity of the Si micro-ring EPPS and the ability of our chip
to produce high rates of entangled photon pairs with-
out background excess noise. Note that obtaining such
a level of visibility has been made possible by paying
particular attention for reducing well-known noise contri-
butions: (i) dark counts are limited thanks to the use of
very low-noise APDs, (ii) low pump powers (few 100µW )
are exploited for ensuring negligible multiple photon-pair
events, and (iii) a short input fiber pigtail is used for min-
imizing Raman-scattering.

IV. CONCLUSION AND OUTLOOK

We have reported the conception, realization, and full
characterization of a telecom compliant EPPS based on
a silicon micro-ring resonator chip showing as well com-
pactness and a high brightness (∼400 pairs/s/MHz for

500µW coupled pump power). The near-perfect two-
photon interference-pattern visibilities obtained in dif-
ferent paired channels clearly demonstrate the ability
of our sources to stand as a key resource for future
entanglement-based QKD systems, implemented over a
large number of channels in the telecom C-band. We
strongly believe that our proof of principle device sets
the conceptual basis for further developments, such as
exploiting DWDM components with higher spectral ca-
pacity. We anticipate the extension of our EPPS over
the entire telecom C-band, relying on broadband phase
matching condition engineering, as it has recently been
demonstrated in a different technology platform [18]. In
this perspective, one has to tailor the waveguide dimen-
sions to obtain small and anomalous chromatic dispersion
over the bandwidth of interest [30]. Finally, the gen-
eration of multiple photon-pairs makes readily available
multipartite entanglement and then extends significantly
the ability of integrated quantum photonics [31].
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