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Abstract 

One of the main challenges in the development of quantum information processing 

technologies is high quality single or entangled photon sources on chip. The focus of this 

paper is to provide a theoretical background of entangle photons generation through 

spontaneous four wave mixing process. Additionally, the latest developments in the 

generation of these photon sources as quantum states of light in integrated circuits compatible 

with the semiconductor industry processes and its current infrastructure, are shown. 

1. Introduction 

Quantum mechanics has played a crucial role in the technology since its introduction at 

the beginning of the 20th century. It defines the behavior of nature at fundamental level 

through probability. The two most remarkable characteristics of quantum mechanics are 

superposition and entanglement. Superposition occurs when an object can be in two places at 

once or can follow more than one path, and entanglement occurs when two objects can 

interact immediately, even if a very long distance are separating them. The experiments show 

the accuracy of quantum mechanics predictions, making this theory the most successful so 

far.  

Quantum Information Processing (QIP) is the use of QM systems (i.e. individual atoms, 

ions, photons) to solve information processing tasks, such computation and communication, 

by taking advantage of superposition in a two states quantum system called qubit. One of the 

most promising approaches to developing QIP technologies is the use of integrated quantum 

photonic devices, due to its ability to take advantage of current semiconductor manufacturing 

technics and infrastructure. However, to complete this landscape is also required to generate 

quantum states of light on a chip. 



This article focuses specifically on the creation of entangled or quantum correlated 

photon sources, usually called biphotons, in silicon chips. This process is based on 𝜒(!) 

nonlinearity of silicon that leads to phenomena called spontaneous four wave mixing 

(SFWM) explained in section 2. Biphoton generation on chip has been studied using several 

photonic structures: waveguides [2][3][4][5], microring resonators [4][11][18][20], photonic 

crystal waveguides [7], microdisk resonators [12], coupled photonic wire nanocavities 

(PhC/PhW) [16] and coupled resonators optical waveguide (CROW) [10][17]. However, in 

this report the analysis is restricted to structures based on microring resonators, because they 

have a good balance between simplicity and excellent performance [18]. 

2. Theory of Spontaneous Four Wave Mixing  

In order to analyze the quantum theory background of the spontaneous four wave mixing 

process, I will follow the nomenclature and treatment given by [6]. The starting point for a 

quantum analysis of the biphoton generation is a Hamiltonian that can describe the energy 

interactions of our system 

ℋ =ℋ!! +ℋ!" +ℋ! 

where ℋ!! is the channel Hamiltonian with a related waveguide operator 𝜓!, ℋ! is the ring 

Hamiltonian with a related ring operator 𝑏! , and ℋ!"  is the coupling Hamiltonian that 

contains the interaction between the waveguide and the ring. The subscript 𝜇 has two terms 

(𝑚,𝑁) where 𝑚 is the transverse propagation mode and 𝑁 is the cavity resonant mode 

number of the ring.  

The input is defined as a coherent state in the channel at the coupling point described by  
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! − h.c. vac  
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in which 𝛼 ! defines the number of photons in the input pulse. In order to facilitate the 

treatment, some approximations need to be used without losing precision, such as an 

undepleted pump, negligible noise and loss, and using only first order terms in the 

exponential that involve the biphoton creation operators.  



Previous approximations lead us to say that the state of the biphoton generated by the 

coherent state could by defined by the two mode squeezed state given by 

𝜓gen = exp 𝛽𝐶!!
! − h.c. vac  

𝐶!!
! =

1
2
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where 𝜙!!!! 𝑘!, 𝑘!  is the biphoton wave function.  

Assuming that a TE polarized Gaussian pump is exciting only one cavity resonant mode 

𝑁! near to zero dispersion and that the material is amorphous, the subscript 𝜇 can be replaced 

only by 𝑁. The photon pair is produced in two resonant cavity modes 𝑁 and 𝑁 symmetrically 

separated from the mode 𝑁!. Law of conservation of energy implies that 𝑁 + 𝑁 = 2𝑁!. The 

pair generation probability for a particular 𝑁 𝑁 is defined by  

𝛽!! ! = 𝛽 ! 𝑑𝑘!  𝑑𝑘!   𝜙!! 𝑘!, 𝑘! ! 

 

Figure 1. (a) Silicon nitride microring resonator. (b)-(e) Biphoton probability density for (b) T=5 ns, (c) T=1 ns, 

(d) T=500 ps, (e) T=50 ns [6]. 

For values of 𝑁 far from 𝑁!, the dispersion produces 𝑁 + 𝑁 ≠ 2𝑁!, implying that this 

transition is forbidden. In contrast, when 𝑁  near to 𝑁! , all the group velocities can 

approximately equal the group velocity 𝑣 of the pump cavity resonant mode. In the c.w. limit 

the pump can be modeled as a top-hat function of length Λ, resulting in a pump power 

average 𝑃!! = ℏ𝜔!𝑣 𝛼 ! Λ . After some algebra with the pair generation probability 

multiplied by ℏ𝜔!𝑣 Λ, we find the expected average power in the cavity resonant mode 𝑁 

no overlap between different NN components of the biphoton wave function, and so we define pair generation proba-
bilities local to a particular pair of resonances |ØNN |2 = |Ø|2

R
dk1dk2 |¡NN (k1, k2)|2, and thus |Ø|2 =

P
N |ØNN |2.

Fig. 1: (a) Silicon nitride microring resonator. (b)-(d) Biphoton probability
density for (b) T=5 ns, (c) T=1 ns, (d) T=500 ps, (e) T=50 ps, with N=143.

The biphoton probability density local to the NN pair of resonances, |Ø¡NN (k1, k2) /ØNN |2, for N = 143 is
plotted for intensity FWHM pump durations, T , of 5 ns (d), 1 ns (c), 500 ps (d), and 50 ps (e) in Fig. 1. The associated
pair generation efficiencies, 2 |ØNN |2 / |Æ|4, are 1.28, 5.71, 8.75, and 1.84 attophoton pairs per pump photon squared.
Resonances essentially satisfy energy conservation for 15 pairs on either side of the pump in addition to N = 143,
and so generation efficiencies would be even higher if photons were collected from all 16 pairs of resonances. For
pump pulses much narrower than a ring resonance, T≠¿ 1, where ≠ = 2º (0.98 GHz) is the FWHM of the pumped
resonance’s linewidth in (circular) frequency, the pump is monochromatic as far as the resonator is concerned. This
leads to a strong energy conservation condition, generated photons that are anti-correlated in k space, and a sub-
optimal pair generation efficiency, as the entire resonance is not utilized. For pump pulses satisfying T≠ ø 1, only
the linewidth of the resonance constrains the shape of the biphoton probability density, leading to the generation of
nearly unentangled photon pairs, and again a sub-optimal pair generation efficiency. Even though in this case the entire
resonance is utilized, pump photons outside its bandwidth are effectively wasted. Optimal pair generation efficiency
occurs when the spectral width of the pump pulse is comparable to the spectral width of the pumped resonance.

3. The cw limit

For a pair of resonances close enough to the pump that we can approximate all of the group velocities, v, and center
frequencies, !0, as identical, we take the pump waveform to be a top-hat function of length § in real space for which
≠§/v ¿ 1, identify PNP = ~!0v |Æ|2 /§ as the average pump power, multiply 2 |ØNN |2 by ~!0v/§, and find

PN = (∞PNP L)

2 |F0|6 ~!0v/ (4ºR) , (1)

where F0 is an on-resonance field enhancement factor. Comparing this with a classical undepleted pump and signal
calculation starting from the same Hamiltonian as above, PN = (∞PNP L)

2 |FN |2 |FN |2 |FNP |4 PN , that agrees with
previous results [7], in the limit of no loss and weak coupling, we identify ~!0v/

≥
4ºR |F0|2

¥
as playing the role

of the classical “seed” power in the spontaneous calculation. This result allows one to use experimental results in the
classical regime to immediately predict photon pair generation rates in the quantum regime.

References
[1] J. E. Sharping, K. F. Lee, M. A. Foster, A. C. Turner, B. S.Schmidt, M. Lipson, A. L. Gaeta, and P Kumar, Opt. Express 14, 12388 (2006).
[2] K.-I. Harada, H. Takesue, H. Fukuda,T. Tsuchizawa, T. Watanabe, K. Yamada,Y. Tokura, S.-I. Itabashi, Opt. Express 16, 20368 (2008).
[3] S. Celemmen, K. Phan Huy, W. Bogaerts, R. G. Baets, Ph. Emplit, and S. Massar, Opt. Express 17, 16558 (2009).
[4] A. Gondarenko, J. S. Levy, and M. Lipson, Opt. Express 17, 11366 (2009).
[5] J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L. Gaeta, and M. Lipson, Nature Photon. 4, 37 (2010).
[6] L. G. Helt, Z. Yang, M. Liscidini, and J. E. Sipe, Opt. Lett. 35, 3006 (2010).
[7] P.P. Absil, J. V. Hryniewicz, B. E. Little, P. S. Cho, R. A. Wilson, L. G. Joneckis, and P.-T. Ho, Opt. Lett. 25, 554 (2000).

OSA/ CLEO 2011
       QWA4.pdf 

 



𝑃! =
𝛾𝑃!!
𝜋𝑅

!

𝐹! !ℏ𝜔!𝑣 

𝐹! is the on-resonance field enhanced factor which can be approximately 𝑄𝑣/𝜔! for critical 

couple microring resonators, giving us an average power proportional to 𝑄! 

𝑃! =
𝛾𝑃!!
𝜋𝑅
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3. Microring resonator as biphoton source 

The most common setup used to measure the time-bin entanglement of biphotons is 

integrated but not restricted by the following components: 

• Continuous wave laser source, usually a tunable external cavity diode laser. 

• Narrow bandpass filter to remove the fluorescence background generated by the laser. 

• The chip with the microring resonator coupled with fiber lenses. 

• A frequency splitting device to separate the signal and idler photons. 

• Narrow bandpass filters to reject the pump and noise from signal and idler photons. 

• Single photon detectors for signal and idler photon. 

• Counting electronics. 

The main parameters to evaluate the efficiency of biphoton generation are brightness and 

coincidence accidentals ratio (CAR). The brightness is the number of photons per second in 

signal and idler beams, which is proportional to their optical intensities. A coincidence occurs 

when a signal photon is detected in the same time-bin an idler photon is detected, and signal 

and idler photons have no delay between them. An accidental occurs when a signal photon is 

detected in the same time-bin an idler photon is detected, but in this case signal and idler 

photons have a delay between them enough to be far from the peak of coincidences. The 

coincidence to accidentals ratio is defined by 

𝐶𝐴𝑅 =
𝑅! + 𝑅!
𝑅!

 

The bigger the CAR and the bigger the brightness, the better is the quality of the biphoton 

source. 



3.1. Clemmen S. et al. (2009) [4] 

S. Clemmen et al. did the first experiment in which a silicon microring was used to 

generate photon pairs in 2009. Additionally, this was the first time a continuous wave laser 

used as input. In this article, the researchers evaluated additionally a silicon waveguide and 

Sagnac loop interferometer.  

 

Figure 2. Experimental setup used in [4]. 

 

Figure 3. Experimental results show in [4]. (a) Transmission spectrum of the microring resonator. (b) Emission 

spectrum measured using a band pass filter and single photon detector. (c) Photon pair flux or coincidence rate. 

(d) Signal-to-Noise Ratio or Coincidence to Accidentals Ratio [4]. 

An important remark from this experiment is that the coincidence rate of the microring 

resonator is 2 orders of magnitude bigger than predecessor structures like simple waveguides. 

From the figure 3 we can observe a photon pair generation rate of 0.3 MHz for a 0.4 mW 

pump power and coincidence to accidentals ratio of 30. 

Fig. 2. Experimental Setup: Tunable laser is made of an Agilent 81600B laser with picome-
ter resolution followed by a homemade Erbium-Doped Fiber Amplifier. Input Filtration is
made of fiber bragg gratings (FBG), circulators, and 100GHz DWDM commercial filters.
It suppresses 150 dB outside of the pump band [1538.9-1540.6] nm. HWP is an Half-Wave
Plate. Loss due to in and out coupling were 8± 1 (7.5± 1) dB for straight waveguide
and Sagnac Interferometer (ring). Output Filtration is made of 2 FBGs and two 200GHz
DWDM commercial filters. It suppresses 150 dB on the pump band; it induces 2.2 dB of
loss (to which one should add a 1 dB excess loss in a restricted band [1537-1534] nm of
the filtration line). A first version of the setup uses a demultiplexer to separates Stokes band
[1542-1558] nm from anti-Stokes band [1523-1538] nm. It is made of commercial CWDM
filters and it induces 1 dB (2 dB) loss on Stokes (anti-Stokes) band. For the second version
of the setup, the demultiplexer is made of DWDM commercial components and separates
narrower Stokes band [1551.5-1552.1] from anti-Stokes band [1528.8-1528.35] with less
than 1 dB of loss. d1 and d2 are commercial ID-quantique Avalanche Photodiodes (APD)
with gate duration of 50 ns and operationg at 100 kHz (d2 is trigged with a delay with
respect to d1, this delay corresponds to the optical delay). For the first setup, detectors are
ID-200 model with dark count rate of 5.6 10−5 and 4.4 10−5 per ns, and detection effi-
ciency of 10%. For the second setup, detectors are ID-201 model with detection efficiency
set to 10% and 15% while dark counts are 1.4 10−5 and 3 10−5 per ns. TAC : time to am-
plitude converter. Time resolution of the coincidence detection system is 1.5 ns. Tunable
filter has 6.5 dB loss.

coupled to a unique waveguide, it is a consequence of the symmetry breaking induced by the
waveguide [26]. As the free spectral range is 12 nm, this give a finesse around 350. We also
estimate that on resonance the field enhancement factor described in the previous section Fp,s,i
is F = 110±20, where the uncertainty comes from the finite depth of the absorption peak in the
transmission spectrum. With the pump at λ0, photon pairs can be generated on the resonances
at λ−1 and λ1 while ensuring energy conservation.

4. Experiment

Our experiment is based on a time coincidence measurement realized for various pump powers
and for 3 different silicon nanostructures. The setup of our experiment is depicted in Fig. 2.

In the setup, the pump beam comes from an intense CW-laser. For the straight waveguide
and SLI experiments, the laser wavelength was taken to be 1539.6 nm, while for the ring res-
onator experiments, the pump wavelength was on the ring resonance at 1540±0.2 nm (variation
comes from resonnance shift due to pump power or external temperature change). The pump
laser has to be filtered to suppress noise at Stokes and anti-Stokes frequencies. The pump beam
is then coupled out of the all-fiber filtration line to minimize Raman scattering; pump beam’s
polarization is aligned on the TE-like mode of the silicon waveguide; and in/out coupling with
the waveguide is ensured by grating couplers etched on both end of the nanostructure. Fiber-to-
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Fig. 5. Photon pair generation in micro-ring resonator. Note that results presented in panels
(a) and (b) differs from those in panels (c) and (d) by a temperature change due to external
conditions. Note that panels (c) and (d) were taken with the second setup described in Fig.
2. (a) : Transmission spectrum of the ring cavity. Insets: zoom on the resonances. (b) :
Emission spectrum from the ring cavity. The measurement is made thanks to a tunable
filter and a single photon detector for an estimated pump power at the input of the cavity of
0.4 mW. The width of the peaks are limited by the linewidth of the tunable filter (continuous
curves - FWHM = 1.3 nm). The linewidth of the Stokes resonance has been investigated
(inset) thanks to a very narrow tunable filter (FWHM = 20 pm) which shows the emission
linewidth to be approximately 150 pm. (c) : Generated Photon Pair flux (i.e. coincidences
only as in Fig. 3(b)) versus pump power for pumping on resonance (o, λPump ≈ 1539.9±
0.05 nm). Quadratic curve (−−) show that evolution of pair generation inside the ring
resonator does not follow any clear law, see discussion in the main text. Grey diamonds (⋄)
show the pair flux generated in the 11.3 mm long straight waveguide while filtered by the
demultiplexer used for the ring. The corresponding quadratic fit is plotted in grey (-). (d) :
SNR versus generated pair flux generated in the ring resonator (o) and in the 11.3 mm long
straight waveguide (⋄).

that is discussed in the context of the straight waveguide (see Section 5.1 and Fig. 3).

6. Conclusion

The use of a continuous pump could make photon pairs based on SOI straight waveguides
or micro-ring resonators an attractive source for long distance quantum communication at
telecommunication wavelengths, as this is much simpler and cheaper than a pulsed laser. The
resulting source could either be broadband (based on a straight waveguide) or narrow band
(based on ring resonators). This application would however require that the noise sources un-
covered in the present work be reduced.
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3.2. Azzini S. et al. (2012) [11] 

 

Figure 4. (a) Experimental setup used for spectrum measurements. (b) Transmission spectrum of the ring and 

emission spectrum. (c) Emission rate vs. pump power [11]. 

 

Figure 5. (a) Experimental setup used for coincidence measurements. (b) Coincidence histograms. 

(c) Coincidence rate and CAR as a function of pump power [11]. 

The experiment performed by Azzini S. et al. in 2012 showed good improvement over the 

past experiment in terms of coincidences to accidentals ratio that reached 250. However, the 

total pair generation rate was 0.2 MHz, below than previously seen. It is noteworthy that the 

plot coincidence rate versus pump power departs from the quadratic dependence for high 

values of pump powers due to thermo-optics effect induced by two photon absorption. 

Fig. 1. Transmission spectrum from the sample. The inset shows an optical microscope
image of the ring resonator.

by 1.5x2.0 µm2 polymer waveguides. The cavity was designed in order to offer a compromise
between a high quality factor, a free spectral range (FSR) allowing for feasible filtering, and a
small foot-print.
Linear transmission spectra with a resolution 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 a lock-in amplifier for detection. The three modes we are considering are shown in Fig.
1: the free spectral range is about 20 nm and the quality factor is Q≃7900. The wavelengths of
the three resonances are λi = 1558.35 nm, λp = 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 Ei (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. Spectral 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. (a) Schematic of the experimental setup used to test spontaneous four wave mixing.
(b) Spectrum of spontaneously generated signal and idler beams for PPump = 0.6 mW. (c)
Integrated intensities of the generated beams as a function of the pump power. The line is
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. The total 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 pairs is sent, through a 50:50 fiber
beam-splitter, to two band pass filters (BPF) tuned to the signal and idler frequencies in 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 BPFs is finally 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 residual 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, as a strong
pump beam would generate a large 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 PPump. The value of PPump 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 resonance is
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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and (c) Coincidence histograms for different pump powers. (d) Rate of coincidences as a
function of the pump power. The dashed line is a guide to the eye proportional to the square
of the pump power. (e) 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 as a function of the pump power
are shown in Fig. 3(e). We measure a maximum value of 280 for PPump=0.1 mW. This value,
obtained in a device with 5 µm radius, is comparable to the highest CAR reported in cm-long
silicon waveguides [10], it is almost ten times that reported earlier [21] for a ring 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.
Ideally, 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 PPump. 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 a result, in Fig. 3(e) the dependence
of the CAR on PPump 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. Experiments to verify heralded single
photons [31, 32] rely on counting triple coincidences; given that the double coincidence rate
reported here is 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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3.3. Engin E. et al. (2013) [18] 

The microring resonator develop by Engin E. et al in 2013 defers from its predecessors in 

that this has additionally a reverse bias p-i-n structure to overcome free carrier related 

performance degradations. This fact makes this device to achieve a record of coincidences to 

accidentals ratio of 602 for a photon pair generation rate of 827 kHz. It is important to note 

that the filters in this experiment ware implemented using dense wavelength division 

multiplexer (DWDM). 

 

Figure 6. (a) Experimental setup. (b) Transmission spectrum near to pump frequency [18]. 

 

Figure 7. (a) Photon pair generation rate as a function of pump power.  

(b) Coincidences to accidentals ratio as a function of pump power [18]. 

3.4. Guo Y. et al. (2014) [20] 

The experiments previously showed were based on degenerated four wave mixing 

process, in which the photon pairs generated are nondegenerate. The experiment performed 

by Guo Y. et al. in 2014 was focused to produce degenerated-frequency photon pair. This 

a rapid thermal annealing. The nominal doping concentration was of 1x1020 cm−3 for both p-
doping (boron) and n-doping (phosphorous). The distance from each side of the junction to 
the edge of the waveguide was 400 nm. The coupling losses between the facets and the fiber 
lenses are estimated to be 3 dB per facet, with a total device insertion loss of ~10 dB. On 
resonance the device exhibits a 13 dB extinction ratio, and has a Q factor of 37,500. 
Throughout the experiment we have used TE polarized light. 

The resonance wavelength of the micro-ring is controlled via temperature tuning, and 
when the pump wavelength and the ring resonance are not aligned, we observe photon pair 
generation from only the 2-mm long straight bus waveguide, as no pump power is coupled to 
the ring. When the ring and pump are resonant, there is a strong field enhancement in the ring 
(of length ~70 ȝm) and an associated increase in the photon-pair generation rate. At high 
pump powers, TPA of the pump occurs and the resulting free-carrier absorption (FCA), free-
carrier dispersion (FCD) and thermo-optical effects give rise to a shift of the ring resonance to 
a higher wavelength, and an associated reduction in the Q-factor due to the nonlinear losses 
within the ring. Since we inject a CW pump of a few mW, direct absorption of the pump, 
signal and idler from TPA is negligible compared to the FCA [16]. 

 
Fig. 1. Experimental setup. A tunable external cavity diode laser (ECDL) is amplified and the 
noise is removed using a fiber Bragg grating (FBG) with circulator and a dense wavelength 
division multiplexer (DWDM). The light is coupled in an out of the device using lensed fibers. 
The output pump and generated photons are separated with another FBG and DWDM. The 
channels of the DWDM are input into the two channels of the superconducting single photon 
detector (SSPD) and the response is recorded using a time interval analyzer (TIA). The device 
is a ring resonator with a 10 µm radius and 5 µm coupling region. The inset shows the cross 
section of the waveguide and p-i-n junction. b) Transmission spectrum of the device. 

3. Results 

Figure 2(a) presents the relation between the intrinsic photon pair generation rate and the 
pump power inside the device. When the ring is off-resonance, the pair generation rate is 
observed to have a quadratic relationship with the input power, whilst the pair generation rate 
when the pump is on-resonance are fitted with Eq. (1) derived from the work presented in 
[16], which accounts for the nonlinear relation between the power inside the ring and the 
injected pump power. 
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In Eq. (1) CC is the number of coincidence counts (pairs) measured per second, Įring is the 
pair generation coefficient with respect to the power in the ring resonator. r and t are the 
reflection and transmission coefficients of the waveguide coupled to the ring, ȕ is the 
nonlinear coefficient accounting for free carrier absorption, Ĳ is the round trip field 
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dampening due to losses in the optical waveguide, Ș1 and Ș2 are the channel collection 
efficiencies for the signal and idler photons. The power injected to the ring is calculated from 
the input power accounting for the facet loss. 

 
Fig. 2. Results for pair count and CAR. (a) The on-chip photon pair generation rate versus the 
power input to the device for off-resonance, on-resonance and 8 V reverse bias applied. Count 
rate is taken as the integral over the FWHM of coincidence histogram. (b) The CAR plotted for 
these three cases and taken also as the integral over the FWHM - see section 3.2 for more 
details. 

In the off-resonance case, the intrinsic pair generation rate is estimated to be 45 
kHz.mW−2, as detailed in section (3.1). In the on-resonance case, we first infer the two 
channels collection efficiencies Ș1 and Ș2 (respectively −27 dB and −34 dB) from the 
measurement of the singles and coincidence counts – see section (3.1). We obtain the ring 
parameters t = 0.128, r = 0.991 and Ĳ = 0.992 from the fit to the spectral response of the ring 
in the linear (low power) regime (Fig. 1(b)). Equation (1) has only then two remaining free 
parameters and the fit to the curve on Fig. 2(a) gives ȕ = 0.04W−2 and Įring = 0.91 kHz.mW−2. 
Then, one can define a low power (i.e. neglecting losses from FCA) pair generation rate (with 
respect to the input power) as: 
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giving 3.1MHz.mW−2. For a fixed injected power of 5.3 mW, a comparison of the off- and 
on-resonance cases gives an enhancement in count rate from 998 kHz to 88 MHz – an 88-fold 
increase. 

It is well known that the large field enhancement of high Q-factor silicon resonators give 
rise to strong TPA even at relatively low pump powers, generating free-carriers and 
introducing additional losses which degrade the device performance [17]. In order to mitigate 
these effects we have incorporated a p-i-n junction surrounding the ring, and by applying a 
reverse-bias voltage it is possible to sweep out the free carriers generated inside the ring. This 
approach has previously been shown to reduce the free carrier life-time and suppress free-
carrier related effects [18–20], leading for example to an enhanced Raman lasing in silicon 
[17]. A reverse-bias voltage of 8 V was empirically found to give the best enhancement for 
the input powers investigated in this work. Figure 2(a) plots the generation rate for the reverse 
bias case (triangles), showing an enhancement of up to 2.1 times that of the unbiased case 
(dots) (for an injection power of 4.8 mW), and a maximum count rate of 123 MHz compared 
with 59 MHz for the un-biased case with the same injection power. 
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quantum state of light could have application in the areas of quantum state engineering and 

quantum metrology in which photon indistinguishability plays an important role. The cavity 

has the shape of a race track and is accompanied by a heater to accurately tune the resonant 

frequencies. 

 

Figure 8. (a) Photo of the silicon microring sample. (b) Transmission spectrum of the microring.  

(c) Experimental setup [20]. 

 

 

Figure 9. Coincidences to accidentals ratio [20]. 

4. Conclusion 

Reference Year Microring 
Radius CAR Photon pair 

generation rate 
[4] 2009 43 µm 30 0.5 MHz 
[11] 2012 20 µm 250 0.2 MHz 
[18] 2013 73 µm 600 0.8 MHz 
[20] 2014 21 µm 100 4.5 kHz 

 
Table 1. Comparison between the experiments of biphoton generation using silicon microring on a chip. 
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Silicon microring cavities are promising candidates for
correlated photon pair generation at the telecom band.
The silicon waveguide has an ultrahigh nonlinear coeffi-
cient thanks to the high χ!3" of silicon and the high light
confinement of the waveguide [1], while the nonlinearity
in the cavity would be further improved by the light field
enhancement if the input light was on resonance [2–4].
Hence, correlated photon pairs can be generated under
ultralow pump powers in silicon microring cavities [5–7].
On the other hand, since in silicon waveguides, noise
photons generated by the spontaneous Raman scattering
are restricted to a narrow band and are easily filtered out,
low noise performance could be realized by silicon wave-
guides even at room temperature [8]. Although free
carrier absorption in the silicon microring cavity would
cause performance degradation, recent works have
shown that it can be overcome by the reverse-biased
p-i-n structure in silicon waveguides [9]. Hence, the mi-
croring cavity is an attractive platform for integrated
quantum light sources. Up to now, all the experiments
on photon pair generation in silicon microring cavities
have been based on degenerate spontaneous four-wave
mixing (SFWM) [10], in which the generated photon pairs
are nondegenerate, i.e., the signal and idler photons are
in two different cavity modes under a monochromatic
pump light.
As an important resource, degenerate-frequency

photon pairs have many applications such as quantum
state engineering [11] and quantum metrology [12]. To
realize the degenerate-frequency photon pair generation,
the nondegenerate SFWM process should be used, which
needs two pump lights with different wavelengths. It has
been demonstrated in optical fibers [13,14] and silicon
waveguides [15], but has not been realized in silicon
microring cavities.
In this Letter, degenerate-frequency photon pairs at the

telecom band are generated in a specific mode of a
silicon microring cavity by the nondegenerate SFWM
process. The photo of the silicon microring cavity sample
used in the experiment is shown in Fig. 1(a), which is
fabricated by standard CMOS processes [Institute of

Microelectronics (IME), Singapore]. The cavity has the
shape of a race track, with a circumference of
132.5 μm. It is coupled with a bus waveguide 3 mm in
length. All the waveguides in the sample have a deep
ridge structure, with a width of 450 nm, total height of
220 nm, and ridge height of 160 nm. Light is coupled into
and out of the bus waveguide as the quasi-TE mode
through two lensed fibers. Inverted taper structures
are fabricated at both ends of the bus waveguide to
reduce the coupling loss. Figure 1(b) shows the transmis-
sion spectrum measured by a swept test system, includ-
ing a tunable laser (Santec TSL-510, with a wavelength
resolution of 1 pm) and a detector (Agilent 81636B). It
can be seen that the insertion loss of the bus waveguide
is 5.6 dB, mainly due to the coupling loss. Dips in
the spectrum indicate cavity modes. In the experiment,
the modes at 1533.80 and 1551.52 nm are for the two
pumps, and the photon pairs are generated in the mode
at 1542.60 nm. Characteristics of the three modes are

Fig. 1. Experiment setup. (a) Photo of the silicon microring
cavity sample. (b) Transmission spectrum of the sample, show-
ing the three cavity modes used in the experiment. (c) Sketch
of the experiment setup. PC, polarization controller; TOBF,
tunable optical bandpass filter; FC, 50/50 fiber coupler; SPD,
single-photon detector.
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shown in Table 1. The extinction ratios of the three
modes are all higher than 9 dB, showing that they are
close to critical coupling. Q values of the three modes
are all at the magnitude of 104–105, hence, it can be
expected that photon pairs could be generated under
quite low pump levels due to the field enhancement of
the cavity.
The experiment setup is shown in Fig. 1(c). Two

tunable lasers provide the two pumps (denoted by P1
and P2). Their wavelengths are tuned to two cavity
modes, as shown in Fig. 1(b). Each of them has a narrow
linewidth of 100 kHz. Their polarizations are adjusted
by two fiber polarization controllers. Their sideband
suppressions at the resonance wavelength for the photon
pair generation are improved to 130 dB through two
tunable optical bandpass filter systems (TOBF1 and
TOBF2). The two pumps are combined by a 50/50 fiber
coupler (50/50 FC), and then coupled into the bus wave-
guide by a lensed fiber. Through the nondegenerate
SFWM process in the cavity, photon pairs are generated
in the central cavity mode shown in Fig. 1(b). At the out-
put end, another filter system (TOBF3, with an insertion
loss of 4 dB) is utilized to select the photon pairs. Then
generated photons are directed to two single-photon de-
tectors (SPD1 and SPD2, id220, IDQ) by another 50/50
FC. The efficiencies and dead times of the two SPDs
are 10% and 10 μs, respectively. Hence, the total photon
collection and detection efficiency in this experiment
setup is about 19 dB, including the coupling loss of
the bus waveguide, the insertion loss of TOBF3, the
50/50 FC at the output end, and the detection efficiencies
of the two SPDs. The output of SPD2 is connected to the
trigger port of a multichannel scalar (SR430, SRS), while
the output of SPD1 is connected to the signal port of
the multichannel scalar through a time delay generator
(DG645, SRS). The time-correlated single photon count-
ing (TCSPC) is realized by the multichannel scalar with a
time bin width of 5 ns.
First, the count rates of SPD2 under different pump

levels are measured. Since the rate would be saturated
if it were close to 100 kHz due to the dead time of
SPD2 (10 μs), a modified count rate, denoted by C0, is
shown in Fig. 2. It is calculated byC0 ! "C − d#∕"1 − C × τ#
[16], where C is the measured count rate of SPD2 and d
and τ are the dark count rate and dead time of SPD2,
respectively. Hence, C0 is proportional to the real rate
of photons arrived at SPD2, eliminating the impacts of
counting saturation and dark counts. In Fig. 2, the up
triangles are the measured results when both of the
pumps are on and they have the same power denoted
by Ppump. For comparison, results under single pump
are also shown as the red dots and black squares,
respectively. The down triangles are the sum of them.
The photon counts under single pumps are due to

the photons generated by the degenerate SFWM
process. In this process, signal and idler photons are
generated in different cavity modes; hence, they have
no contribution to the photon pair generation in the spe-
cific cavity mode. It can be seen that C0 measured when
both pumps turn on is obviously higher than the sums
of C0 measured under a single pump. The increase in C0

is due to the photon pairs generated by the nondegen-
erate SFWM. The lines in Fig. 2 are quadratic fitting
curves of the experiment results, showing that the con-
tributions of the degenerate SFWM and the nondegen-
erate SFWM all grow quadratically under increasing
pump level.

To demonstrate the correlation of photon pairs gener-
ated by the nondegenerate SFWM, the coincidence and
accidental coincidence counts of SPD1 and SPD2 are
measured by the multichannel scalar, and then the ratios
of coincidence to accidental coincidence (CAR) are cal-
culated and shown in Fig. 3. Points in the figure are the
statistical results of measurements. It can be seen that
the measured CAR is far higher than 1, and rises with
decreasing modified count rate of SPD2. The highest
CAR is up to 100, which is realized under a C0 of
4.5 kHz. It shows that, although the degenerate SFWM
process leads to obvious noise photons, quantum corre-
lation in the photon pairs generated by the nondegener-
ate SFWM process can be observed clearly.

Compared with previous works of high-performance
photon pair generation in silicon microring cavities,
the CAR is measured under relatively low pump levels
in this experiment to avoid the impact of free carrier

Table 1. Characteristics of the Cavity Modes

Resonance
Wavelength (nm)

Resonance
FWHM (nm)

Extinction
Ratio (dB)

Q
Factor

1533.80 0.019 10.3 8.1 × 104
1551.52 0.024 12 6.5 × 104
1542.60 0.023 9 6.8 × 104

Fig. 2. Modified count rates (C0) of SPD2 under different
pumping condition and pump levels. The black square and
red dots are the C0 when only Pump1 or Pump2 is on. The down
triangles are the sum of them, and the up triangles are the C0

measured when both of the pumps are on. The lines are
quadratic fitting curves of the experiment results.

Fig. 3. CARs under different modified count rates of SPD2.
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This paper shows that biphoton generation devices based on silicon chips is a vibrant 

research area. Despite the good achievements in recent years, there is still plenty of road 

ahead in obtaining biphoton sources of better quality. Table 1 shows that the reverse bias 

approach used in [18] could play an important role in the future of the devices studied. 

Finally, despite we still need some improvements in the quality of photon pair sources, 

researchers should start thinking in the integration of these sources with other photonic 

devices on a chip to solve real quantum information processing tasks [19]. 
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