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Abstract
Traditional entangled photon pair generation apparatus, such as periodically-poled nonlinear crystals
ormicrostructured fibers, require special and complex device structures to permit spontaneous
nonlinear interactions at different wavelengths to occur simultaneously. Thismakes it difficult to
design a single device that can, for example, generate high-quality, high-brightness photon pairs at
both the 1310 and 1550 nmwavelength bands. Such flexibility will be useful in reconfiguring quantum
communications to co-exist with data and telecommunications networks in popular use today.We
show that a simple, appropriately-designed siliconmicroring device can achieve this objective, and
explain the design andmeasurements of photon pair generation including coincidences-to-
accidentals ratio and Franson interferometry of energy–time entanglement.

1. Introduction andmotivation

The innovation discussed in this paper is the design andmeasurement of a silicon photonicmicroring resonator
which can generate high-quality energy–time entangled photon pairs simultaneously at the 1310 and 1550 nm
wavelength bands. Since these are the two spectral bandswhich arewidely used in classical communications, a
pair generation device should ideally be able to operate in both spectral ranges where initial applications of
quantum communication (e.g., quantumkey distribution)may be implemented.Moreover, an argument has
beenmade, in the context offiber experiments, for generating and using quantumphotons at 1310 nm [1, 2]
which is less widely studied than the 1550 nmband. Before discussing the technical details of this advancement,
wefirst present a briefmotivation of the problem.

Optically-pumped unseeded nonlinear processes, such as spontaneous parametric down-conversion
(SPDC) and spontaneous four-wavemixing (SFWM), are one of themainways to generate entangled photon
pairs as a resource for quantum communication, fundamental physics experiments, and other applications [3].
Traditional entangled photon pair generation devices are formed using optical fiber [4] or crystals such as
periodically-poled lithiumniobate (PPLN), potassium trihydrogen phosphate (KTP), lithium tantalate etc
[5–9]. Crystals themselves have awide transparency range, and can be used at variouswavelength ranges
including visible, near-infrared and portions of themid-infrared spectrum aswell. In crystals, the generation of
photon pairs at both bands simultaneously andwithout cross-correlations has not been shown.Operation at
distinctly different wavelength bands in the same device is difficult, since periodically-poled gratings phase-
match efficiently over only a narrow band ofwavelengths, and gratings, in general, have higher-order resonances
thatmay scatter light and impair the performance.

The last ten years havewitnessed the development of silicon photonic approaches to generating entangled
photon pairs [10–21]. Some of themost important advantages are technological: silicon volumemanufacturing
usingwafer-scale technology can be inexpensive, and silicon photonic devices can be integratedwith lasers [22]
and/or detectors [23]. Other important advantages are fundamental: The intrinsic rate of nonlinear optical
processes increases as themode volume decreases, which reduces the pumppower requirements of high core-
cladding index contrast siliconmicrorings used for pair generation to sub-milliwatt levels [18], and the device
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footprint to about one hundred square-microns [11, 12]. To explainwhymicro-resonators are very useful in the
silicon photonics approach to pair generation, we recall that because of the third-order nonlinearity used in
SFWM (compared to the second-order nonlinearity used in SPDC), silicon photonic waveguide devices generate
photon pairs at a low rate compared to PPLNor PPKTPwaveguides. However, this can be partlymitigated by
sacrificing continuously-broadbandwavelength coverage, and using resonant devices with high-quality (Q)
factors. Indeed, silicon photonicmicroring resonators can now generateMHz-rate entangled pairs of high
quality withmilliwatt-scale pumppowers [24].Moreover, silicon device technology is useful not only for the
optical components but the necessarymicro-electronics needed tomake aworking system, e.g.,monitoring the
opticalmicro-resonators [25, 26], and incorporating electro-opticmodulators and switches [27–29] as a step
towards full integration.

For quantum communications using integrated photonics components, it is not yet clearwhich spectral
band is preferred in the deployedfiber links where bothC/L-band (approximately 1530–1600 nm) andO-band
(1310 nm)wavelengths are used. Some communications schemes, such as passive optical networks, use both
wavelength bands [30]. As discussed in [31], the Raman noise incurred infiber propagation at 1310 nm
wavelengths can be significantly (about 4000 times)weaker than at 1550 nm; however, the propagation loss
(fiber attenuation) can be higher. In terms of device technology, there aremoreWDMcomponents (splitters,
filters,MUX/de-MUX etc) available at 1550 nm, but the standard channel spacing at 1310 nm (O)Band is
wider,makingfiltering easier, which is one of themost challenging requirements for integrated photonics. Thus,
it is not clear which is the preferredwavelength regime for operation of amicrochip pair-source intended for
compatibility with short-distance fiber communications. The detector efficiency of single-photon detectors,
particularly, avalanche diode detectors, also varies strongly withwavelength, and dark-count reductionmay be
achieved by operating in theO-band.Hence, researchers have developed pair sources at bothwavelengths, for
example [32] in theC-band and [33] at theO-band.

In fact, devices using SPDC can generate a photon pair with one photon at 1550 nmand the other at
1310 nm, and thus, one photon can serve as the herald for the other [34–37].While this is not possible in silicon
photonics because of the comparatively-narrow band nature of SFWMphase-matching, we demonstrate that a
singlemicroring resonator can, in fact, generate entangled photons of high quality at eachwavelength band
separately. This is not an obvious result, in the sense that themodal properties of silicon nanophotonic
waveguides, and the coupling behavior ofmicro-resonators towaveguides, are strongly wavelength-dependent
in high-index-contrast silicon photonics [38]. The use of a single device which can operate at either wavelength
regime, as desired, is important to reduce the device fabrication/yield variability, which is still a significant
concern in foundry-fabricated silicon photonics, especially with high-Qmicro-resonators that require an
optimized coupling to awaveguide for optimumoperation [18].

Here, we address one of the existing limitations of silicon photonic pair generation devices: the difficulty in
generating high-quality entangled photon pairs at both of the 1.3 and 1.55 μmwavelength bands that are widely
used in optical communication networks and components. In this report, a simple device ismeasured and
characterizedwhich generates a high quality of entangled photon pairs at both thesewavelengths simultaneously,
when two optical pumps are introduced. The structure alsoworks as a ‘regular’ pair generation devicewhen only
one pump is used, and in fact, one of themeasurements reported here is that of a coincidences-to-accidentals
ratio (CAR) of 19 000which is the highest CAR value yet reported for silicon photonics pair generation in any
device, at anywavelength.

Moreover, by separating the two pumpwavelengths bymore than 200nm, this device helpsmeet the
ongoing challenges ofmultiplexing and scaling up photon pair generation, and avoid the difficulties and
impairments (such as cross-pump interactions) faced in two pump SFWMprocesses when the two pump
wavelengths are close to each other [39].

The underlying technical challenge is to design a silicon photonic pair generation structure that can operate
at these rather different wavelengths. Firstly, compared to diffused/ion-exchangedwaveguides in glass, or
opticalfiber, the group velocity dispersion of siliconwaveguides is very high (by three or four orders of
magnitude). Thus, not only is a Si waveguidemuch less efficient than a PPLNwaveguide, but it ismore
dispersive as well. Secondly, dual-bandmicro-resonators with a clean transmission spectrum (showing
suppression ofmulti-mode effects) are uncommon (but, as shown here, not impossible), since components,
materials and cross-sections are typically optimized around onewavelength.

What is required is six-fold resonance at pump, Stokes (also called ‘idler’), and anti-Stokes (‘signal’)
wavelengths of SFWMprocess at both bands, whichwould be very difficult to design and to operate in a stable
manner for traditional nonlinear resonator devices using III–V semiconductors [40] or periodically-poled
crystal waveguides. As shown here, the high-index contrast of silicon photonics, coupledwith the ability of
siliconmicrofabrication techniqueswhich allow for precise and repeatable fabrication, results in devices that
show clean, essentially single-mode transmission spectra at both 1310 and 1550 nmwavelength bands. Also, the
ability of silicon (a semiconductor) to incorporatemicroelectronic components such asmonitoring p-i-n diodes

2

QuantumSci. Technol. 3 (2018) 034001 CMa and SMookherjea



within themicroring itself allows formonitoring and alignment of the resonance to the pumpwavelengths, was
essential for stable operation and themeasurements reported here.

2.Microring design and characterization

The simple device used for simultaneous dual-band entangled photon pair generation is a high-quality factor
(Q)microring, side-coupled to a single waveguide (i.e., the so-called ‘all pass’ configuration), with an
appropriately-chosen coupling coefficient as described below. Amicroscopic image of the ring resonator
togetherwith a schematic of thewaveguide cross-section is shown infigure 1(a). Themicrochip was fabricated
using a foundry silicon photonic process on silicon-on-insulator wafers, using ridgewaveguides of width
0.65 μm, height 0.22 μm, and slab thickness 70nm, designed for low loss transmission in the lowest-order
(i.e., fundamental)mode of the transverse electric (TE) polarization defined relative to the device plane. The

Figure 1. (a)Upper:microscope image of the ring resonator side-coupled to awaveguide, withmetal traces connecting to a p-i-n
diode fabricated across themicroring tomonitor its resonance [25]. Lower: a schematic of the waveguide section. Figure reproduced
from [25], with the permission of AIP Publishing. (b) Infrared camera images, acquired using a top-viewmicroscope and a high-
magnification objective lens, of themicroring off-resonance and resonatingwith 1554.94 nmpump light, with 1316.52 nmpump
light, andwith bothwavelengths simultaneously. (c) and (e) are FDTD-simulated coupling efficiency calculations 2k∣ ∣ as a function of
wavelength at 1550 nm and 1310 nmbands respectively. (d) and (f) are themeasured transmission spectra at 1550 nmand 1310 nm
bands, respectively, showing a single-mode-family set of resonances at both bands in the same device.
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microring had a radiusR=10 μm.The slab regions of the ridgewaveguides were doped, followed by contact
and via formation andmetalization, to form a p-i-n diode formonitoring, under reverse bias, the optical power
circulating in themicroring.

Here, the coupling coefficient (κ) between themicroring and thewaveguide is defined as the length-
integrated scalar coefficient that appears in thematrix formulation of resonator-waveguide coupling
summarized elsewhere [41]. Simulations of k∣ ∣versus wavelength (λ) at both the 1550 nmand 1310 nm
wavelength bands are shown infigures 1(c) and (e), respectively, for the lowest-order quasi TE polarized
electrical field. A small value of 0.05k ∣ ∣ is one of the two necessary components for achieving a high loaded
Q-factor, and thereby, bright pair generation, with the other factor being the loss of thewaveguide.

The siliconwaveguides used in the feeder waveguide andmicroring had a propagation loss (measured on test
sites consisting of waveguides of different lengths) of approximately 0.74±0.02 dB cm−1 at 1550 nmand
1.13±0.12 dB cm−1 at 1310 nm, resulting in: (a) at 1550 nm, an intrinsicQ-factor of approximately 9×105,
and a resonance lifetime τ≈76 ps (loadedQ-factor of 9.2×104, with a spectral full-width at half-maximum
(FWHM) of approximately 2.1GHz); and (b) at 1310 nm, an intrinsicQ-factor of approximately 3×105, and a
resonance lifetime τ≈40 ps (loadedQ-factor of 5.7×104, with a spectral FWHMof approximately 4.0GHz).
A ‘clean’ transmission spectrumwasmeasured at bothwavelength bands, as shown infigures 1(d) and (f). Recall
that the overallQ-factor depends on both the intrinsic propagation loss of thewaveguide forming themicroring
and the coupling coefficient between themicroring and thewaveguide. Here, the slightly higher propagation loss
at 1310 nm is somewhat compensated for by the smaller waveguide-to-ring coupling coefficient, as shown in
figures 1(c) and (e). Thus, a similarly highQ-factor is achieved at bothwavelength bands.

Photon pair generationmeasurements reported here used the experimental configuration shown infigure 2.
The bare-die chipwasmounted on a temperature-controlled stagewith a thermoelectric controller in feedback
with a thermistor on the stagemount. The spectral alignment of the pump laser(s) to themicroringwas
continuouslymonitored duringmeasurement using the reverse-biased photo-current of a silicon p-i-n junction
diode fabricated across themicroring [25], and confirmed using high-magnification infrared camera images of
themicroring. Figure 1(b) shows infrared camera images of themicroring at the resonance conditions of the two
pump lasers, operated individually and also simultaneously. Because of the limited dynamic range of the camera,
it was difficult to quantitatively distinguish the third case from thefirst two; however, the photo-current readout
with two pump lasers was seen to be a linear sumof the photocurrents for the two individual lasers. A readily-
detectable photo-current (in themicro-ampere range, at a reverse bias of 1 V)was provided by the silicon
waveguide comprising the ringwithout ion-implantation or defect-enhancement of thewaveguide, or the
introduction of othermaterials such as germaniumor III–V semiconductors.

Light was coupled to and off the silicon chip using polarization-maintaining fibers, polarization controllers,
and lensed tapered fibers with anti-reflection coating. The latter was designed for C-band, but functional for
O-band as well. The insertion loss of eachfiber-to-waveguide coupler was estimated as 3.5dB.Nanopositioning
stageswith piezoelectric actuators were used for accurate positioning of the fiber tips to thewaveguide facets.
Input light from theO-band andC-band pumpwavelengths, afterfiltering out the amplified spontaneous

Figure 2.Experimental setup for pair generation andmeasurements of the cross-correlation between signal and idler photons i.e., the
coincidences-to-accidentals ratio (CAR), and two-photon Franson interferometry visibility. For theCARmeasurement, all the
SNSPDs connected directly to thefilters (BoxBwas replaced by another BoxA). For the visibilitymeasurement, Box Bwas used to
measure the fringe visibility of photon pairs generated by one pump, as described in the text, while BoxA simply connected filters and
detectors tomonitor the photon count rates generated by the other pump andmeasure their CAR. ATT: variable optical attenuator,
OTF: optical tunablefilter, PC: polarization controller,MUX:multiplexer, TEC: thermoelectric controller, ROADM: 3-port
reconfigurable optical add-dropmultiplexer, DLI: delay-line interferometer, SNSPD: superconducting nanowire single-photon
detector, TCSPC: time-correlated single-photon counter.
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emission (ASE) backgroundwith a relatively broad bandpass filter (FWHMof 1.8 nm at 1310 nmand 1 nmat
1550 nm), was combined using awavelength-divisionmultiplexing (WDM)fiber component. An identical
WDMcomponent was used to spectrally separate the output light at the chip output, whichwas then routed
through cascaded filters to select one pair of spectral lines of Stokes and anti-Stokes photons positioned
symmetrically around each pumpwavelength.

Under SFWM, energy-conservation between the pump and the generated Stokes and anti-Stokes photon
pair dictates the frequency relationship, 2ωp=ωS+ωaS, and the range of frequencies over which this occurs is
limited to a few terahertz (around each pump frequency) because of the dispersion of the coupler and the
waveguides. In each band, the samemicroring provided simultaneous resonance for all three frequencies across
adjacent free-spectral ranges with a tight constraint on the narrow bandwidth dictated by the high-Q resonance.

We used commercially available, telecommunications grade fiber-coupled opticalfilters for these
measurements. Two distinct sets offilters were used for the 1310 and 1550 nmbands; in the latter case, the
availability of reconfigurable optical add-dropmultiplexers (ROADMs)made the experimental setupmore
versatile, as shown infigure 2. ROADMs are not yet readily available at the 1310 nmwavelength band, andwe
simply used a 3 dB splitter to separate the ‘signal’ and ‘idler’ photons, incurring a penalty in the coincidence rate.
In the 1310 nmwavelength band, the pumpwavelengthwas positioned at 1316.5 nm and signal and idler
photonswere detected at 1309.8 nm and 1323.1 nm, respectively, with filter FWHM’s of approximately 1.8 nm
at bothwavelengths. In the 1550 nmwavelength band, the pumpwavelengthwas positioned at 1554.9 nm and
signal and idler photonswere detected at 1535.5 nm and 1574.7 nm, respectively, withfilter FWHM’s of
approximately 0.6 nm and 0.8 nm, respectively. Next-to-nearest resonances are chosen here for pair generation
in 1550 nmband due to the limitedwavelength tuning ranges of thefilters, which are 1528–1562 nm forC-band
filters (for signal photons) and 1567–1603 nm for L-bandfilters (for idler photons). Note that the spectral width
(FWHM) of themicroring resonancewas approximately 0.03nm,much narrower than any of thefilter widths.
Thus, thesefilters do not reshape the joint-spectral intensity, asmay be a concernwith broadband SFWM in
waveguides.

Photons were detected using fourfiber-coupled superconducting (WSi)nanowire single-photon detectors
(SNSPD), cooled to 0.8K in a closed-cycleHelium-4 cryostat equippedwith a sorption stage. Two detectors
were optimized forwavelengths around 1310 nmwith a detection efficiency of 90%, and the other two for
1550 nmwith 65%detection efficiency. These detectors were not gated and operated in a simpleDC-biased
modewith anRF-amplified readout. Coincidences weremeasured using amulti-input time-to-digital converter
instrument, with 0.08nsminimumbinwidth, in start-stopmode. To prevent binning artifacts when
accumulating histograms, at the cost of a factor of two in temporal resolution, two adjacent hardware binswere
summed, according themanufacturer’s suggestions, resulting in the 0.16 ns binwidth used for all coincidence
measurements. Previously, we have alsomeasured coincidence histograms using a two-channel time-correlated
single-photon counting instrument with 25ps bin size, which gave similar results in terms of the shape and
widths of the coincidence peaks.

3.Measurements and analysis

The siliconmicroring generated photon pairs at bothwavelength bands separately, and also at both bands
simultaneously when excited by both pumps. Continuous-wave pumpswere used for all these experiments.
Before discussing the quality of the photon pairs, we first discuss the dynamics when the second optical pump is
turned on and off, in the presence of the first pump. This is shown infigure 3, which recorded the change in
single counts of all four channels (1550 nm signal and idler, 1310 nm signal and idler)when the pumpswere
turned on and off individually. First, each pumpwas positioned (i.e., the numerical values of the laser
wavelength and power settingswere chosen) individually and separately. Next, to create the time-resolved
graph shown infigure 3, the second pumpwas simply turned on (at the pre-determinedwavelength power
settings, with no further adjustment)when the first pumpwas already active. Next, the first pumpwas turned
off, and then it was turned back on etc againwith nowavelength or power tuning. Thismimics the operation of
the device in a practical communication network setting, where fine-tuning of the resonancemay not be
practical.

The p-i-n diode fabricated across thewaveguide cross-sectionwas used tomonitor the resonance of the
microring to the laserwavelength(s), as described elsewhere [25]. A reverse bias of−1Vwas used to generate a
small but easily-measured photo-current, in themicro-ampere range, when the pump light circulated in the
resonantmicroring, whereas the dark photo-current readout was in the nano-ampere range (i.e., approximately
30 dB dynamic range).

Under these conditions, figure 3 shows an anti-correlation between the photon pairfluxes generated by the
two pumps, i.e., the photon generation rate at 1550 nmdrops slightly when the 1310 nmpump is turned on, and
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the photon generation at 1310 nm rises further when the pump at 1550 nm is turned off etc. Finite numbers of
counts were registered on the 1550 nmdetectors from the 1310 nmpumps alone, but therewas negligible signal-
idler cross-correlation in this regime (and no entanglement), so these residual photons are just a noise
background from theASE of the 1310 nmpump laser leaking through the filters, and do not serve any purpose
(or leak any information about the 1310 nmcorrelated-photon pair).

The anti-correlationbehavior seen infigure 3 ismore likely to be causedby aminor shifting of ring resonances
induced byheating ofmicro-resonatorwhen a secondpump is added, alongside the residual (the p-i-n diode is
operatedwith a reverse bias) free-carrier absorption andnonlinear two-photonabsorption, rather than pump-
pumpmixing ordepletion.Themeasured reverse-biasedphotocurrents across the p-i-n diode in thewaveguide
cross-section,whichmeasure thepumppowers coupled into themicro-resonator,was, in the combined pump
case (5.3 μA), approximately equal to the sumof the photocurrents in the individual pumpcases (4.6 μA for the
1310 pumpof−4 dBmalone and 0.7 μA for the 1550pumpof−6dBmalone). Futuremeasurements are being
planned to investigate the time-constant of the change inducedby turning one of the twopumpson andoff, but it
appears to be relatively slow.Themagnitude and sign (i.e., positive ornegative change)of the variations shown in
thefigure dependon the precise tunings of thewavelengths and their positioning on the redor blue side of the
‘cold-cavity’ resonance. Theoretically, the optimal positioning ofmultiple optical pumps in a semiconductor
microring resonatorwhich exhibits thermally- and carrier-drivenbistability is a complex problem to be addressed
separately from this experimental paper,which shows that evenwithout carefulfine-tuning of thewavelengths and
pumppowers, themicroring can generate entangled photons at bothpumpwavelengths.

To characterize the photon pairs, we examined the conventional pair-wisemetrics such as theCAR,which,
for high values of CAR, is basically equal to the second-order cross-correlation at zero time difference between
the signal and idler photons, and also the two-photon Franson interferometric visibility for energy–time
entanglement [3]. Again, pumpwavelengths are pre-determinedwithout re-positioning in thesemeasurements.
Since there are two pumps, we examine not only the anticipated pairs (e.g., the signal and idler photons at the
1550 nmband only, or the signal and idler photons at the 1310 nmband only), but also the cross-correlations
across wavelength bands (e.g., selecting a signal photon from the 1310 nmband and the idler photon from the
1550 nmband, and vice versa).

3.1. Coincidences-to-accidentals ratio (CAR)
Figure 4 shows the second-order signal-idler cross-correlation function, g(2)SI (τ), between the signal (S) and idler
(I) photons,measured across all the various pair-wise combinations of ‘S’ and ‘I’ channels, i.e., selecting an ‘S’
from either the 1550 nmband (subscript labeled ‘a’) or the 1310 nmband (labeled ‘α’), and similarly for the ‘I’
photon (labeled ‘b’ and ‘β’, respectively). Themeasurements shown infigure 4were performedwhen both
pumps are present, with c.w. power levels of−4 dBmat 1310 nmand−6 dBmat 1550 nm,measured in the
opticalfiber just before the chip.

Figure 3.Measured singles count rates as the second pump is turned on and off, after thefirst. P1 andP2 are 1550 nmand 1310 nm
pumps respectively. Red and yellow lines are single counts for 1550 nm signal and idler photons; green and blue lines are those for
1310 nm signal and idler photons.
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The ‘in-band’ cross-correlation g(2)ab(τ) between the 1550 nm signal and idler photons (figure 4(a)), and the
‘in-band’ cross-correlation g 2 tab ( )( ) between the 1310 nm signal and idler photons (figure 4(b)) each exhibits a
clean sharp peak. The value of this peak is approximately equal to 1+CAR. Thefigures clearly indicate a strong
correlation between signal and idler photons originated from the same pump. Figures 4(c), (d) showno evidence
of cross-correlationwhen the signal and idler photons are selected fromamong the pairs generated by different
pumps, e.g., a signal photon from the 1550 nmSFWMprocess and an idler photon from the 1310 nmSFWM
process. These are indeed the result we expect and desire, and they indicate that, in this device, each SFWM
process operates independently and in parallel.Moreover, since thewavelengths of the pumpswere not changed
when the second pumpwas added to the first, these results also show that this siliconmicroring, as designed, was
not too strongly perturbed (e.g., detuned, or itsQ-factor degraded)when the second SFWMprocess was added
to thefirst.

To study this phenomenon inmore depth, and explainwhy themicroringworks satisfactorily at both
wavelength bands, gSI

2 t( )( ) wasmeasured for a signal-idler photon pair generated by the 1550 nmpump, at a
sequence of pumppower levels, and in the presence of a 1310 nmpumpwith c.w. power level−4 dBm in the
fiber before the chip, also performing its own SFWMprocess. Each peakwas fitted by aGaussian function,
whose FWHMwas typically 0.31ns (which is the expected value for the settings and detectors used in this
experiment). The resulting g 0

SI
2 ( )( ) as a function of input pump power at the 1550 nmwavelength band is shown

infigure 5.When g 0
SI
2 ( )( ) continues to increase at low pumppower (P), as shown by the data points in figure 5(a),

afitted linewas usedwith the functional form aP− b, where a and b are constants.When g 0
SI
2 ( )( ) saturates, and

then decreases (because of fewermeasured true coincidences compared to accidentals) at small values of P, as
shownby the data points infigure 5(b), a fitted linewas usedwith the functional form aP bP c2 1+ + -( ) , similar
to those used in [13, 42]. In such cases, there is an additional noise contribution to the denominator of the CAR
expression, whether fromRamannoise [42], detector dark counts [13] or imperfect pumpASE extinction (here).

Figure 4. (a) Second-order cross-correlation function of 1550 nm signal (subscript ‘a’) and idler (subscript ‘b’) photons. (b) Second-
order cross-correlation function of 1310 nm signal (subscript ‘α’) and idler (subscript ‘β’) photons. (c)–(f)Cross-correlations between
1550 and 1310 nm signal-idler photons across the two bands (note the subscripts).
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However, in the earlier reports, the highest values of CARweremuch less than 100, whereas the limit here is
higher. Acquisition time for eachmeasurement ranges from a few seconds to a fewminutes, depending on the
input pumppower level, since longer acquisition time is required to obtain a small uncertainty error bar. The
uncertainties, too small to see in thefigures, aremainly from accidentals (broken pairs from the losses incurred
in coupling off the chip and subsequent filtering) and are calculated as one standard deviation in the values of
g(2)(τ) in bins away from the peak.

When only the 1550 nmpumpwas present, wemeasured a very high g 0
SI
2 ( )( ) value, 19 001±144, resulting

in aCARof 19 000which is the highest CAR value yet reported for silicon photonics pair generation in any
device, at anywavelength. As is usual, this occurs at the lower end of the range of pumppowers used in the
experiment, when themeasured (i.e., including the coupling and filtering losses) singles rates were 2 and
1.7 kHz, and loss-scaled (on-chip)photon generation rates were 37 and 56 kHz. At the highest power value used
here, with the 1550 nmpump set to c.w. power level−6 dBm in the fiber before the chip, g 0

SI
2 ( )( ) was 484±4,

for which case themeasured singles rates were 50 and 46 kHz, and the on-chip photon generation rates were 0.93
and 1.5 MHz for the signal and idler photons. In passing, we note that these values are similar (CARof 532 at a
pair generation rate of 1.1MHz) to those tabulated in our recent experiment focusing on the 1550 nmSFWM
process only [24], inwhichwe further showed aHanbury-Brown andTwissmeasurement with conditional self-
correlation, g 0 0.098

ss
2 =( )( ) i.e., strong anti-bunching of a heralded single-photon source.

The samemeasurements were performedwhen the 1310 nmpump (power−4 dBmbefore the chip)was
also present, whose SFWMprocess resulted inmeasured singles rates of 48 and 54 kHz, corresponding to on-
chip photon generation rates of 1.6 and 2.3 MHz. In this case, g 0

SI
2 ( )( ) again increased at lower power levels (of

the 1550 nmpump), but saturated at about 1943±15while still obtaining a high value of 653±5 at the
maximumpower value. Thus, theCAR values are similar at the higher power levels (and atmegahertz-rates of
generated photons), but wewere able to reach a higher CAR value at the lower power levels (and few-kilohertz-
rates of generated photons)when only the 1550 nmpumpwas used, rather than both pumps. This ismost likely
due to a small value of residual pumppower from theASE of the 1310 nmpump leaking through thefinite
extinction ratio of the filters, and causing a small number of accidental counts which aremore strongly felt when
the number of true coincidences is low.

3.2. Energy–time entanglement
The generated photon pairs fromboth pumps are expected to demonstrate energy–time entanglement which
can be investigated through a Franson-type two-photon interference experiment, by violating Bell’s inequality
[43, 44]. Suchmeasurements have already been shown (at a single wavelength, rather than the simultaneous
SFWMprocess occurring here) for several silicon photonic pair generation devices [45–50].

We use the unfolded Franson interferometer configuration as shown infigure 2, in which an electronically-
tunable delay-line interferometer (DLI, also known as an unbalancedMach–Zehnder interferometer) is placed
in the pathway of each of the signal and idler photons of the generated pair (after filtering). The twoDLI’s used in

Figure 5. Second-order signal-idler cross-correlation at zero time difference (essentially equal to 1+CAR, coincidences-to-
accidentals ratio) as a function of input pumppower (at 1550 nm) in the feeder waveguide before themicroringwhen (a) only
1550 nmpump is present; (b) both 1550 and 1310 nmpumps are present.
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thesemeasurements were fiber-coupled, polarization-maintaining devices, eachwith an FSR of 2.5GHz (at
1550 nm) and peak-to-valley extinction ratio approximately 25 dB. Although designed for the 1550 nm
wavelength (i.e., themanufacturer-specified FSR and insertion loss is correct at 1550 nm), we verified that they
can also be used at 1310 nmwith low insertion loss, but a different FSR (which is irrelevant for these
measurements). The phase difference in theDLI’s was piezo-controlled, andwas tuned by voltage from a
programmable low-noise power supply. Unlike in other experiments [49, 50], no activeDLI stabilizationwas
required. SuchDLI’s are costly, individually-assembled instruments andwe have twoDLI’s available for
experiments. Thus, when the Fransonmeasurement was performed at 1550 nm (i.e., photon pairs generated in
the 1550 nmbandwere routed through theDLI’s), a CARmeasurement was simultaneously performed at
1310 nm. Similarly, when the Fransonmeasurement was performed at 1310 nm, a coincidences-to-accidentals
measurement was simultaneously performed at 1550 nm.

The visibility fringesweremeasuredby step-scanning the voltage settingononeDLI andholding it constant on
theotherDLI.A start-stophistogramwas recorded for each voltage setting, and thehistogramshows three peaks (as
usual): the outer peaks correspond to the ‘short-long’ and ‘long-short’ coincidences (i.e., oneof thephotons goes
through the short armof itsDLI and theother goes through the long armof itsDLI). The amplitudeof these peaks do
not changewith phase tuning of theDLI’s. The central peak consists of the interference of the ‘short–short’ and
‘long–long’paths,whosepeak amplitude, being a superpositionof two interferingpathways, varies sinusoidallywith
thephase difference between the twoDLI’s, i.e., with the voltage setting.Thefittinguncertainty (one standard
deviation) is shownas the error bar infigures 6(a) and (b) and is too small to be visible. Although the signal and idler
photons are at differentwavelengths, separatedby about 40nm, thedifferential groupdelay accumulated over a few
meters offiber is negligible, compared to the timing jitter of the detectors.

The ringwas pumped at both 1550 nmand 1310 nm,with power of−6 dBmand−4 dBmbefore the chip
respectively.Measurement results for 1550 nmphotons are shown infigure 6. The vertical axis corresponds to
themeasured number of coincidences in the indicated time interval, without scaling for the losses incurred in
off-chip coupling, filtering and thefinite detection efficiency. The observed fringe infigure 6(a) shows afitted
visibility of 97.8±4%,which clearly surpasses the 71%visibility necessary for violation of Bell’s inequality
[43, 44] (without necessarily providing a test of local realism) as proof of photon pair time–energy entanglement.
The uncertainty in the visibility value derives from the goodness-of-fit of the sinusoid function, while those for
each data point, too small to be visible here, stem from goodness-of-fit of the fitted parameters of theGaussian
function used tofit the central coincidence peak. Figure 6(b) shows the signal-idler cross-correlation at zero

Figure 6.Time–energy entanglementmeasurement of 1550 nmphoton pairs at presence of 1310 nmpump. (a) Franson visibility
fringe of the ‘short–short’ and ‘long–long’ coincidence interference for photons pairs generated near 1550 nm. The horizontal axis
corresponds to a phase setting of the delay-line interferometer, obtained by scaling the step-scanned experimental voltage setting by
the voltage required to achieve a 2π phase shift. (b) Second-order cross-correlation function, related to the CAR for photon pairs
generated near 1310 nm. (c)Measured singles count rates for signal and idler photons near 1550 nm. (d)Measured singles count rates
for signal and idler photons near 1310 nm.
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time, g 0
SI
2 ( )( ) , of 1310 nmphoton pair as a function of phase tuning on theDLIs, whose lack of variation shows

that the correlation in the 1310 nmphoton pairs wasmaintained during themeasurements.
Similarly, the Franson visibilitymeasurement results for 1310 nmphoton pairs were shown infigure 7. For

themeasurement in figure 7(d), one of thefiber connections in thefilter assembly broke andwasmanually
spliced, incurring a 5 dB differential transmission loss (of one channel with the respect to the other), which does
not affect the interpretation that g(2)(0) of the signal-idler photon pair generated at 1550 nmwas invariant
during the Fransonmeasurement at 1310 nm. The observed fringe infigure 7(a) shows a fitted visibility of
97.4±13.3%, which also evidences time–energy entanglement of the 1310 nmphotons. In both cases, the flat
singles rates (versus phase), shown infigures 6(c), (d) and 7(c), (d), show the absence of single-photon
interference, as desired [43, 44].

The high visibilitiesmeasured here in the dual-pump case are similar quantitatively to the values we reported
previously for the single-pump case [24]. Taken together, figures 6 and 7 confirm that the energy–time
entanglement properties of the pairs weremaintained during the presence of the second pump.

4. Conclusion

Themeasurement results reported here show the feasibility of using an appropriately-designed siliconmicroring
to generate entangled photon pairs at the two opticalfiber communication bands (1310 and 1550 nm)
simultaneously. The signal-idler cross-correlation and time–energy entanglement of photon pairs generated by
individual pumpsweremaintained during the presence of the second pump. These results lead theway to
spectrally-multiplexed time–energy entanglement generation, which is a distinct step beyondmultiplexed
correlated-photon generation, and pair generation at distinct wavelength bands. Although the photons share the
same physicalmedium (i.e., the siliconmicroring resonator), and theremust be some correlations between the
spectral bands (induced, for example, by electronic carrier effects in the semiconductor), we see that they do not
destroy entanglement, and therewere nomeasurable cross-correlations between the SFWMprocess across the
bands. These conclusionsmay be different if the properties of themicroring were to be substantially changed.
For example, inmicro-resonators with significantly higherQ values, the optical pump intensity of the
recirculatingfield is higher. For lowerQ values, the pair generation ratemay be too small, thus requiring
stronger pumppowers. In either case, the racetrack and/or directional couplermay be affectedmore strongly by
thermal and free-carrier induced shifts, beyond the scope ofmitigation of the reverse-biased diode, and lead to
potential impairments, such as cross-pump correlations.

Figure 7.Time–energy entanglementmeasurement of 1310 nmphoton pairs at presence of 1550 nmpump. (a) Franson visibility
fringe of the ‘short–short’ and ‘long–long’ coincidence interference for photons pairs generated near 1310 nm. (b) Second-order
cross-correlation function, related to the coincidences-to-accidentals ratio (CAR) for photon pairs generated near 1550 nm.
(c)Measured singles count rates for signal and idler photons near 1310 nm. (d)Measured singles count rates for signal and idler
photons near 1550 nm.
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In the process of performing thesemeasurements, we alsomeasured aCARof 19 000which is the highest
CAR value yet reported for pair generation in silicon photonicmicrorings, at anywavelength. Recently, we
reported on the high brightness (number of pairs per second normalized by the pumppower) in these structures
[24]. Therefore, siliconmicrofabrication should be viewed not only a low-costmanufacturing platform, but as a
pathway to achieving high performance in optically-pumped pair generation devices with the appropriate
design. Further improvements are being considered in the device and experiment, including: (a) improved
design of themicroring tomaintainQ-factors while supporting higher pumppower (i.e., further increasing the
overall pair generation rate); (b) usage offilters with higher isolation especially at wavelengths far removed from
the transmission peak (i.e., largerfinesse); and (c) integration of the various components shown infigure 2 to
reduce interface and coupling losses.
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