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High coincidence-to-accidental ratio continuous-wave photon-pair
generation in a grating-coupled silicon strip waveguide

Kai Guo ! *, Erik N. Christensen 2, Jesper B. Christensen?, Jacob G. Koefoed?, Davide

Bacco 2, Yunhong Ding 2, Haiyan Ou ? and Karsten Rottwitt?

I'College of Opto-Electronics Science and Engineering, National University of Defense Technology, Deya
Road 109, Changsha, Hunan, China

Department of Photonics Engineering, Technical University of Denmark, Drsteds Plads 343, Kgs. Lyngby,
Denmark

We demonstrate a very high coincidence-to-accidental ratio of 673 by using continuous-wave photon-pair
generation in a silicon strip waveguide through spontaneous four-wave mixing. This is achieved by em-
ploying on-chip photonic crystal based grating couplers for both low-loss fiber-to-chip coupling and on-chip
generated noise spontaneous Raman scattering suppression. We measure a minimum heralded second-
order correlation of g;?(()) = 0.12, demonstrating that our source operates in the single-photon regime with

low noise.

Quantum correlated photon pairs is a key resource in quantum optics research and applica-
tions e.g. quantum computing and quantum communication [1, 2]. Sources capable of produc-
ing such pairs are commonly realized by nonlinear optical phenomena such as spontaneous
parametric down-conversion in second-order nonlinear media [3, 4], or spontaneous four-
wave mixing (SpFWM) in third-order nonlinear media [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15].
While the majority of initial experiments were carried out using optical crystals [3], quasi-
phase matched waveguides [4], or various optical fiber designs [35, 6], the last decade has seen
a transition towards using miniaturized waveguide platforms. As a result, correlated photon-
pair sources have been demonstrated in integrated platforms of crystalline silicon [7, 8, 9],
amorphous silicon [10], silica[11], silicon-nitride [12], chalcogenide [13], and AlGaAs [14].

The silicon-on-insulator (SOI) waveguide platform is of particular interest due to its
compatibility with complementary metal-oxide semiconductor (CMOS) technology and the
mature fabrication methods allowing for reliable and reproducible results. The CMOS-
compatibility is an especially appealing feature of SOI photonics as it enables advanced on-

chip integration of various electrically or optically controlled components [16]. Furthermore,
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the capability of dispersion engineering through careful geometrical design, with a small foot-
print due to application of a high refractive index contrast material, makes SOI waveguides
a natural platform for nonlinear optics [17]. The nonlinear response of silicon, however, also
includes effects such as Raman scattering. Whereas spontaneous Raman scattering (SpRS)
presents a serious noise source in amorphous silica, i.e. optical fibers, the main part of the
silicon Raman response is a narrow-band peak located at a frequency shift of 15.6 THz, al-
lowing easy filtering [18].

The arguably most mature technology in quantum information science is quantum key
distribution (QKD) [19, 20, 21]. Many schemes for enabling this technology require sources
that emit single photons with low noise contamination, preferably at telecom wavelengths for
low-loss propagation in optical fiber networks. Moreover, for QKD, it often suffices that the
single photons are emitted in a probabilistic manner, as long as a trigger signal is provided.
This can be achieved simply by using a signal-idler photon-pair source, and letting the detec-
tion of the idler photon herald the presence of the signal photon, or vice versa. Such a her-
alded single-photon source can be constructed by using a continuous-wave (CW) pump laser
to drive the photon-pair generation [22, 23]. CW lasers are cheaper, more compact, and more
easily integrated on chip, than the pulsed laser alternative [22]. On the other hand, the nar-
row spectral linewidth of CW lasers lead to strong spectral anti-correlation in the signal-idler
photon pair, which upon heralding projects the remaining single-photon into a spectral clas-
sical mixture [24, 25]. While such spectral anti-correlation may sometimes be desired, as it
enables time-energy entanglement [26, 27, 21, 28, 29, 30], it can easily be avoided by spectral
filtering, or it can be used to construct multiple wavelength channels of correlated signal-idler
photon pairs [31]. Furthermore, a CW-pumped photon-pair source can be used not only for
QKD purposes, but also for other quantum protocols, like covert quantum communications
and quantum secure direct communications, where the uncertainty of the photon-pair arrival
time is used as a degree of freedom[32, 33].

In this work, we demonstrate a CW pumped source of correlated photon pairs based on
SpFWM in a silicon strip waveguide. The source utilizes a pair of photonic crystal based
grating couplers (PCGCs) to effectively couple light in and out of the chip [34]. The PCGCs
have a 3 dB transmission spectrum ranging from 1538 nm to 1567 nm, and the silicon Raman
line is filtered by a minimum of 11 dB in the out-coupling grating. To characterize the source,
the coincidence-to-accidental ratio (CAR) and the heralded second-order correlation gg) is
measured, and the pair brightness is calculated. By utilizing PCGCs and thorough filtering it
has been possible for us to achieve a record high CAR of 673.
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Fig. 1. (a) Schematic of the experimental setup comprised of pump preparation, silicon waveguide, and
detection scheme. The detection scheme can be configured for a coincidence measurement between detectors
A and H (solid lines) or a second-order correlation measurement, which in addition requires a 50/50 coupler
and an extra detector B (dashed lines). Measured normalized transmission spectra are shown for (b) two
cascaded tunable band-pass filters for pump preparation, (c) the combined in-out photonic crystal based grating
couplers, (d) the arrayed waveguide gratings, and (e) tunable band-pass filters for pump suppression. EDFA:
Erbium-doped fiber amplifier, TBPF: Tunable band-pass filter, ATT: Tunable attenuator, PC: Polarization
controller, AWG: Arrayed waveguide grating, SPD: Single-photon detector.

A schematic of the experimental set up is shown in Fig. 1. A narrow-bandwidth CW laser,
with a central wavelength of 1554.75 nm, is amplified to 25 dBm by an erbium-doped fiber
amplifier (EDFA) and used to pump the SpFWM process. Two cascaded tunable band-pass
filters (TBPFs) are employed to suppress the pump side-band noise resulting in an extinction
ratio of 90 dB at a detuning of +5 nm from the pump wavelength, see Fig. 1(b). A tunable
attenuator is applied to adjust the pump power, ensuring that the pump signal to noise ratio
(SNR) is constant, and a polarization controller (PC) is used to align the polarization angle to
maximize coupling of the pump into the waveguide. The in-out coupling single-mode fibers
are held by 75° vertical holders and are aligned with the PCGCs. The dimension of the sili-
con waveguide is H X W x L = 250 nm X 450 nm X 1 cm, covered by silica with a thickness
around 1 pm. Using a finite-difference mode solver, the group-velocity dispersion param-
eter 3, and the nonlinear coefficient y are estimated to be —1.4 ps>m~' and 300 (Wm)~',
respectively([35, 36]. Using a cut-back method, the waveguide was measured to have a cou-

pling loss of 9 dB with a linear loss of 2 dB/cm for all wavelengths of interest. After the
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waveguide, arrayed waveguide gratings (AWGs) are used to filter out the pump field and
separate the signal and idler into two arms, see Fig. 1(d), in which additional TBPFs are
used to remove any remaining pump leakage, see Fig. 1(e). The central wavelengths of the
signal and idler are 1560.4 nm and 1549.2 nm, respectively, both with a spectral full-width
half-maximum (FWHM) width of 0.4 nm. Note that the signal and the idler wavelengths orig-
inate from a FWM spectrum with a 3 dB width of 36 nm. The photons are detected by two
free-running single-photon detectors (SPD, ID230) with dark count rates of 50 Hz, collection
efficiencies of 20 %, and dead times of 10 ps. Finally, the coincidental-temporal histogram is
calculated through a time-tagging unit (ID801).

The noise in the system is comprised of SpRS, pump-amplified spontaneous emission
(ASE) side-band noise, pump leakage, and dark counts from the detectors. To achieve a high
CAR, the background noise should be extinguished to a level of —140 dBm. This corresponds
to a photon rate, which is close to the noise floor of 50 Hz in the detectors. The SpRS from
the silicon waveguide is filtered by the out-coupling PCGC with a minimum insertion loss of
11 dB, which is verified by measuring the broadband spectrum, see Fig. 1(c). This on-chip
filtering of SpRS is not achieved in more broadband PCGCs or when using butt-coupling
with lensed fiber. The pump SNR is approximately 150 dB, which is achieved by launching
a strong seed to the EDFA, and using TBPFs to quench the side-band noise. Pump photons
are removed by a cascade of AWGs and TBPFs, where the signal and idler are also sepa-
rated. After propagation through the system, the side-band noise and pump leakage are at
—140 dBm.

To quantify the photon-pair SNR, the CAR is calculated as

Ncc - Nacc
CAR = ——, (1)

acc

where N, is the raw coincidence counts between detector H and A, see Fig. 1, while N,
is the accidental coincidence counts. They are obtained through the coincidental-temporal
histogram as seen in the inset in Fig. 2, where the coincidence counts is the peak, and the
accidental counts is the averaged background. The width of the peak is determined by the
detector timing jitter of 300 ps, and thus in the CW regime the obtainable CAR is directly
limited by the detector jitter. This is in contrast to a pulsed pump configuration, where the
CAR in most cases is limited by the pump pulse duration [6].

In Fig. 2 the CAR is shown as a function of pump power. The peak CAR is 673 at a
nonlinear phase shift of Onp = yPyLeg = 4 X 1074, where Leg = (1 — e7?F)/a is the effective

waveguide length and « is the linear propagation loss. Usually the maximum CAR is obtained
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Fig. 2. CAR measurement at a range of pump powers. Inset shows coincidence histogram between

detectors H and A at 9.5 mW pump power.

at a larger value of @y [37, 15], and this therefore directly illustrates the effective noise
suppression in our experiment. The CAR is reduced to 26 at P, = 9.5 mW, which is still an
acceptable noise figure for e.g. QKD [21, 19, 20].

The coincidence and accidental coincidence counts are shown in Fig. 3. The coincidence
counts has a fitted slope of 1.81, which is consistent with the pair rate being proportional to
(Dlz\IL[38]. The point corresponding to the highest pump power is omitted from the fit due to
onset of detector saturation. The accidental counts increase with a slope of 2.42, which is
consistent with Nycc o (Npairi + Nr i + Naark /7)) (Npair,s + Nr s + Naark /775), Where Ngqri 18 the dark
counts, Npir,, 18 the counts from four-wave mixing, Nr, is the counts from SpRS, and 7, is
the detector efficiency in channel u [6]. Since Ny, 1s quadratic in power, Ny is linear in power,
and N,k 1s constant, N, has a fourth-order polynomial dependence on pump power. The fit
indicates that we are in the region, where the second-order term is dominant. Notice also that
the coincidence counts are 1-3 orders of magnitude larger than the accidental coincidence
counts. The free-carrier absorption becomes significant only when the pump power exceeds
50 mW, and we thus neglect its impact in the considered regime [39].

In addition, we define the brightness B of our photon-pair source according to [40]

NCC

B=—<_ 2
P,AtAL ©
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Fig. 3. Coincidence counts and accidental coincidence counts showing approximately quadratic behavior.

All points are obtained from 600 s measurements. In the linear fits y = log;q(Ncc) and x = log,(P,/mW).

where N../At is the measured coincidence-count rate in the time window Atf, and AA is
the FWHM of the wavelength channels of 0.4 nm. At a pump power of P, = 1 mW,
where the obtained CAR is approximately 400, the measured brightness of our source is
Bier = 5 (smWnm)~!. By accounting for all losses succeeding the silicon waveguide (out-
put PCGC, AWGs, TBPFs and SPDs), we estimate the internal, i.e. in-waveguide, photon-pair
brightness as Bey = Bget/(as@i), Where ay) 1s the combined collection efficiency in the signal
(idler) path [40]. With a total estimated loss of 22.7 dB and 23.1 dB in the signal and idler
arm, respectively, we find By = 1.9 X 103 (smW nm)~!. This internal brightness is compa-
rable to what has previously been demonstrated in silicon strip waveguides [8]. Moreover,
our brightness is on the same order of magnitude as sources based on slow-light enhanced
waveguides, since these, despite an increased nonlinearity, suffers from higher waveguide
losses [37, 15].

To ensure that the source is operating in the single-photon regime, the heralded second-
order correlation function g(é)(r) is measured by adding a 50/50 coupler into the idler arm,
see dashed lines in Fig. 1. An extra detector (ID220), with dark count rate of 1 kHz, dead time
of 10 ps and a detection efficiency of 20 %, is employed in the extra idler arm. The signal

side detector H is used as the heralding reference, while the idler side detectors are called A
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Fig. 4. Heralded second-order correlation as a function of pump power at zero delay, T = 0. Error bars are

given as the standard error calculated using Poissonian statistics.

and B, respectively. The second-order correlation function gg)(r) is given as [15]
NuNuag(7)
NuaNug(1)’

where 7 is the relative time delay between detectors A and B, Ny is the signal photon count,

g = 3)

Npa is the coincidence counts between detectors H and A, Nyg is the coincidence counts
between detectors H and B, and Nyag is the triple count events between all three detectors.
The second-order correlation function at zero relative time delay gg)(O) is measured for
varying pump power and shown in Fig. 4. At all pump powers gg)(O) is less than 0.5, indicat-
ing that the source is operating in the single-photon regime[44]. The value of gg)(O) decreases
with pump power with the lowest obtained value gg)(O) = 0.12 at 3.5 mW pump power. To
ensure that the coincidence window encompasses all three detectors, the coincidence window
is 2.5 ns, while the detector timing jitter is 300 ps, and the temporal width of the heralded

photon wavepacket is estimated to be around 10 ps. At a nonlinear phase shift of ®y = 0.02

using 10 mW of pump power, noise photons are thought to be the main contribution to the

2

non-zero value of g}

(0). The relatively large coincidence window increases the risk of coin-

cidence events resulting from these noise photons.

@)

To investigate the variation of g

() the time delay T was controlled by increasing or

decreasing the fiber length in the coupler arm of detector B. The results of this is seen in
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Fig. 5. Second-order correlation function at 3.5 + 0.5 mW pump power.

Fig. 5. Due to coupling drift during the time-consuming measurements, the pump power was
measured to vary between 3 mW and 4 mW. For our measurements performed at non-zero
delay, i.e. 7 = £10 ns and 7 = £25 ns, the value of gg)(T) is unity within the error bars, as
expected in the asymptotic limit.

Although the experiments in this work demonstrate how thorough suppression of various
noise sources enables an ultra-low noise photon-pair source from a silicon straight waveg-
uide, it presently comes at the cost of relatively low coincidence count rates. This issue can,
in future work, be mitigated by integrating efficient on-chip filtering [41] and using SPDs
exhibiting low dead time and near-unity efficiency [42, 43].

In conclusion, we have demonstrated a CW pumped grating-coupled silicon waveguide

as a heralded single-photon source. Single-photon operation was demonstrated by measuring

@)

a second-order correlation of g

(0) = 0.12. Due to the large suppression of pump leakage
and pump side bands, we obtain a CAR of 673, which, to the best of our knowledge, is the
highest reported value for CW-pumped silicon straight waveguides. Photonic crystal based
grating couplers were used for on-chip filtering of generated Raman-scattering noise, and in
general the low noise contamination in this experiment shows the importance of thorough

noise suppression.
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