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1. Introduction

The study of quantum states of light isarapidly developing field of research. Already exploited
for fundamental research in quantum physics, the ability to produce states showing correlations
that cannot be explained in aclassical way isbecoming afundamental resource for applications.
These include quantum cryptographic protocols for communications, secured using quantum
uncertainty rather than classical protocols[1], and quantum computing [2].

Nonclassical states of light are usually produced using optical nonlinearitiesin bulk crystals,
in particular parametric fluorescence [3-5]. Major research efforts are focused on integrating
a source of quantum states of light with semiconductor photonic circuits [6-9], particularly
on silicon based platforms [10, 11]. If realized on a silicon on insulator (SOI) structure, such
a source could be integrated with a number of recently developed components for routing,
switching and processing of photonic signals [12, 13], following the paradigm of integrated
electronic circuits.

Silicon ring resonators [12, 14] are excellent candidates for such sources. In fact, they can
have several modes in the telecom band with extremely sharp line widths (on the order of tens
of ueV) and they are fabricated using top down approaches [15, 16] compatible with CMOS
technology [17, 18]. Furthermore, they are well suited to optical fiber butt-coupling. These
structures are an industrial standard already used in photonics as filters due to their narrow
resonances and have aready been shown to have strong optical nonlinear properties [12, 19].

In this paper we show efficient emission of correlated photon pairs from a silicon ring res-
onator witha5 umradius, i.e. afootprint of only 80 . The photon pairs are generated in two
separate spectral bands by spontaneous four wave mixing [20] using a continuous wave laser
pump, and are detected using single photon counting modules. We show a strong coincidence
peak in time-correl ated measurements, with a coincidence to accidental ratio comparable to the
best results obtained in structures with a much larger footprint [10], and an order of magnitude
larger than the only preceding report on a silicon ring resonator [21].

This paper is organized as follows: in section 2 we present details about the sample fabrica-
tion and characterization, along with results on spontaneous four wave mixing. In section 3 we
report on coincidence measurements between the generated signal and idler beams and discuss
the feasibility of this device as an efficient source of nonclassical photonic states. Finaly, in
section 4 we summarize our results and conclusions.

2. Sample characterization and spontaneous four wave mixing

The device employed in our experimentsis acompact silicon micro-ring resonator. It was fabri-
cated using state-of-the-art electron beam lithography techniques followed by inductively cou-
pled plasma reactive ion etching on a silicon-on-insulator planar waveguide with a 220 nm
silicon core on a2 um thick silica cladding. Thering is circular with aradius of 5um (an op-
tical microscope image is shown in the inset of Fig. 1) and is evanescently coupled to a silicon
nano-wire waveguide via a deep-etched 125 nm gap point coupler. Thisisto good approxima-
tion the critical-coupling distance, designed in order to transfer the maximum amount of light
into the micro-resonator, as well as provide the best filtering action of the incoming light beam
by the device. Transverse dimensions of both the ring and the waveguide are 500 nm x 220 nm.
Efficient input and output coupling to the narrow waveguide is of fundamental importance for
performing low-pump-power nonlinear optics experiments, and it was achieved using spot-size
converters [22, 23]: 300 um long silicon inverse tapers ending in a 20 nm tip width covered
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Fig. 1. Transmission spectrum from the sample. The inset shows an optical microscope
image of the ring resonator.

by 1.5x2.0 um? polymer waveguides. The cavity was designed in order to offer a compromise
between a high quality factor, a free spectral range (FSR) alowing for feasible filtering, and a
small foot-print.

Linear transmission spectrawith aresolution of 5 pm were taken using a tunable continuous
wave laser modulated through an optical chopper for injection and an InGaAs photodiode cou-
pled to alock-in amplifier for detection. The three modes we are considering are shown in Fig.
1: the free spectral rangeis about 20 nm and the quality factor is Q ~7900. The wavelengths of
the three resonances are A; = 1558.35 nm, A, = 1540.5 nm, while the resonance around 1523
nm is split at 1523 nm and 1523.3 nm. Double resonances are a well known feature of micro-
ring resonators, and they originate from the coupling of counter-propagating modes induced by
surface roughness [24].

The nonlinear process used to generate photon pairs in our sample is spontaneous four wave
mixing. In this process, two photons injected by the laser pump at energy Ep (corresponding
in our sample to the resonance at 1540.5 nm) are destroyed, and two photons are created, one
at energy Es (signal) and one at energy E; (idler). To be efficient this process must conserve
both the total energy and momentum and it is amplified whenever pump and generated photon
energies are simultaneously tuned to the resonances of the ring.

The experimental setup used to test spontaneous four wave mixing (SFWM) is sketched in
Fig. 2(a). Light from a CW laser (Santec, TSL-510) tunable across the C-band (1500-1630 nm)
comes through a polarization-maintaining (PM) single-mode fiber cable at the pump wave-
length of ~1540.5 nm. Spectra filtering of the laser beam is performed before injection to
filter out the fluorescence background emitted from the laser because of amplified spontaneous
emission: our set-up achieves more than 120 dB of side-band suppression in the spectral re-
gions where signal and idler photons are going to be generated by the SFWM process. The
pump beam is collimated to free-space using an aspheric lens, its polarization is aligned to
the TE-like single-mode of the silicon waveguide, and finally the pump light is coupled to the
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Fig. 2. () Schematic of the experimental setup used to test spontaneous four wave mixing.
(b) Spectrum of spontaneously generated signal and idler beams for Poymp = 0.6 mW. (c)
Integrated intensities of the generated beams as a function of the pump power. Thelineis
the prediction from Eq. (1).

sample using an aspheric lens. The output from the sample is collected with a PM lensed-fiber
mounted on a high-precision fiber rotator. Thetotal insertion losses of the silicon chip are meas-
ured to be about 7 dB, which are equally distributed before and after the ring resonator. The
output containing the transmitted pump beam and the photon pairsis sent, through a 50:50 fiber
beam-splitter, to two band pass filters (BPF) tuned to the signal and idler frequenciesin order
to reject the remaining pump. We estimate a total loss of 13 dB from the ring to the output of
the filters. Using a 50:50 fiber beam-combiner, the output of both BPFsisfinaly conveyed to a
monochromator coupled to a nitrogen-cooled CCD.

An example of a SFWM spectrum is shown in Fig. 2(b). Two emission peaks are found
in correspondence with the signal and idler resonances. The residua of the pump beam after
the filters is barely visible over the background noise in Fig. 2(b), and we have verified that
the pump residual is always at least 25 dB weaker than the signal and idler beams. This is of
fundamental importance for photon counting experiments described in next section, asastrong
pump beam would generate alarge number of accidental coincidences.

Estimated emission rates for the signal and idler resonances are shown in Fig. 2(c) as a
function of the pump power Poymp. The value of Poump reported in the figure is the internal
pump power, extracted from the power at the laser output by considering the losses from the
filter and the coupling losses to the sample. The emission rates are estimated by calibrating the
response of the CCD camera using a power meter with pW sensitivity and then integrating the
measured emission lines for the signal and idler resonances (notice that the signal resonanceis
split, and the line is integrated over both peaks). The measured generation rate, as determined
by taking into account the system losses is, for example, R ~0.2 MHz for 0.2 mW of coupled
pump power. This generation rate is in excellent agreement with the theoretical curve given
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by [20, 25]:
3
p = (y21R)? <Q"9) Vg p2 1)

wprR) 4zR PumP
where, in our case, vg —=1.2.10% m/sis the group velocity and the nonlinear parameter y =190
W~Im~1 has been estimated by stimulated four wave mixing experiments performed on the

same sample[26,27]: oneroughly gets p=5 ( mv"\%) szump with Poymp expressed in mW, corre-

sponding to the straight line in Fig. 2(c). Here the factor ( pr\;fR)3 (about 10° in our structure)
accounts for the overall field enhancement due to the ring resonances.

The intensities of the signal and idler beams as reported in Fig. 2(b) and 2(c) are aimost
equal, and they increase quadratically with Poymp: this quadratic dependence is a clear signa-
ture of spontaneous four wave mixing. The curve departs from the quadratic dependence and
tends to saturate at high pumping power, due to the thermo-optic effect induced by two-photon
absorption. Another consequence of this effect is that the resonances slightly redshift with in-
creasing pump power, and the energy of the input laser is retuned accordingly to maximize the
output from the sample.

3. Coincidence measurements

After having verified the occurrence of SFWM, we proceeded to assess the correlated emission
of the photon pairs. The set-up used is amost the same, but now the output from the signal and
idler BPFs is sent to two superconducting single photon detectors (SSPDs) as shown in Fig 3
(). The SSPDs are mounted in arefrigerating unit insidealiquid He dewar at 1.7 K. The SSPDs
are biased so that the dark counts are of the order of 100 Hz, and the two detectors have detec-
tion efficiencies of 5% and 10%. We use SSPDs because although their detection efficiencies
are lower than the typical detection efficiencies of InGaAs avalanche photodiodes, they have a
much better time response (65 ps instead of some ns) and much lower rate of dark counts (10°
Hz instead of 10*—10° Hz). Fiber polarization controllers (FPCs) are used aong the two de-
tecting linesin order to maximize the single photon detection rate onto the SSPDs. We estimate
the total 1osses from the ring to the SSPD to be Ls = 24 dB for the signal beam and L;j=27 dB
for the idler beam, including the quantum efficiency of the detectors. The temporal resolution
of the experiment is limited to 65 ps by the SSPDs. The output from the detectors is correl ated
using a Picogquant Hydraharp event timer, which records a stream of events on a computer. Two
examples of coincidence curves elaborated with a coincidence time window corresponding to
the response time of the detectors are shown in Fig. 3(b) and 3(c) for increasing pumping pow-
ers. The curves were taken with an integration time of 20 minutes. The curves show a clear
coincidence peak, due to the concurrent emission of signal and idler photons, over a constant
background due to accidental events. The width of the peak is given by the response time of
the detectors; the linewidth of the signal and idler resonances correspond to a photon coherence
time of ~7 ps, much lower the response time of the SSPDs. The data as a function of the pump
power is shown in Fig. 3(d). The total number of coincidences (all the detected coincidences
summed over the whole coincidence peak in a ~ 400 ps time window) increases quadratically
with the pump power: as expected, the number of coincidences is proportional to the rate of
emission of photon pairs, shown in Fig. 2(c) to be quadratic in Peymp. The coincidence rate pc
can be directly linked to the pair generation rate p through the losses: pc = p - 10~ (bs+Li)/10 By
taking the measured rate of p ~0.2 MHz for Peymp=0.2 mW, the expected rate of coincidences
is pc ~ 1.5 Hz, which is of the same order of magnitude as the measured value of ~0.5 Hz
reported in Fig. 3(d).

The coincidence to accidental ratio (CAR) is an important figure of merit to characterize the
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Fig. 3. (8) Schematic of the experimental setup used for coincidence measurements. (b)
and (c) Coincidence histograms for different pump powers. (d) Rate of coincidences as a
function of the pump power. The dashed lineisaguide to the eye proportional to the square
of the pump power. (€) Coincidences to accidentals ratio as a function of the pump power.

performance of a source of photon pairs. We calculate the CAR taking the number of coinci-
dences within the time response of the detectors[10,21, 28] over the average of the background
on the same time window taken apart from the peak. The results asafunction of the pump power
are shown in Fig. 3(€). We measure a maximum value of 280 for Peymp=0.1 mW. This value,
obtained in a device with 5 um radius, is comparable to the highest CAR reported in cm-long
silicon waveguides[10], it isalmost ten timesthat reported earlier [21] for aring resonator, and
it is about 25 times that recently demonstrated in a coupled-resonator optical-waveguide [28].
The improved CAR with respect to ref. [21], as well as the higher generation rate of signal
and higher photons, are due to lower losses in our sample and the better time response of the
detectors employed in this work.

Idedlly, in the absence of dark counts of the detector, the CAR is expected to decrease as
the inverse of the generation rate [29], and thus quadratically with Peymp. At low powers our
generation rate becomes comparable with the dark count rate, meaning that the accidentals are
overestimated, thus decreasing the value of the CAR. As aresult, in Fig. 3(e) the dependence
of the CAR on Poymp is no longer quadratic.

Finally, we discuss the feasibility of this device as a source for quantum states of interest,
in particular entangled photons or heralded single photons. In the first case, the fact that the
pairs are emitted simultaneously can be exploited to achieve time-energy entanglement between
signal and idler beams. Experiments to verify entanglement [30] rely on double coincidence
measurements: the observation of a clear coincidence peak in this work shows that this device
could be implemented as a source for such measurement. Experimentsto verify heralded single
photons [31, 32] rely on counting triple coincidences; given that the double coincidence rate
reported hereis of the order of some Hz, triple coincidences may require too long an integration
time to pile up a statically significant sample. The problem is mainly due to the losses in the
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detection line, which could be substantially reduced by direct integration of the optical filters
and detectors into the SOI chip [33, 34]. Otherwise, different kinds of resonators based on
photonic crystals [35, 36] and photonic crystals cavities [37] have been aready proposed and
employed to enhance optical nonlinearities 38, 39]; using photonics crystal cavities alternative
approaches could be used, which do not involve heralding, but generate Fock states via photon-
photon repulsion [40].

4. Conclusion

We have studied the efficient emission of correlated photon pairs from a silicon ring resonator,
reporting remarkably high values of CAR as well as the emission rate [41]. The observed rates
arein excellent agreement with the theoretical prediction.

This results show that silicon micro-ring resonators are appealing and promising devices for
integrated quantum optics applications: they are in fact extremely compact, CMOS compatible
and they work at room temperature. Our findings open the route to the demonstration of her-
alded photon sources and the generation of quantum correlated photonic states in an integrated
environment.
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