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ABSTRACT

Frequency entangled photons have potential for various quantum applications. Recently, on-chip photon-pair sources made by CMOS com-
patible processes have attracted attention. In this paper, we report broadband generation of photon-pairs via a spontaneous four-wave mixing
process using a CMOS compatible ring resonator. We performed frequency-correlation between the signal and idler photons by frequency-
resolved coincidence detection and confirmed that the signal and idler photons are correlated over 59 frequency modes, a bandwidth of
23.6 nm, which are the largest numbers achieved to date. Furthermore, we reproduced the experimentally observed joint spectral intensity
from the obtained transmission spectrum of the resonator involving the information of the dispersion of the device.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009361

Frequency entangled photons are currently attracting attention due
to the fact that they have great potential for application to quantum
metrology1 and quantum information processing.2 Broadening the
bandwidth of frequency entangled photon-pairs is vital to the develop-
ment of these applications, as it will provide a shorter correlation time of
the photon-pairs, improve the depth resolution of quantum optical
coherence tomography,3,4 and enhance the two-photon absorption effi-
ciency.5–7 Furthermore, broadband frequency entangled photons can be
used as a resource for high-dimensional quantum entangled states,
which will improve the signal-to-noise ratio of quantum imaging8 and
increase the robustness of quantum key distribution.9

To date, broadband entangled photon-pairs have been generated
via a spontaneous parametric downconversion (SPDC) process using
bulk crystals, such as in quasi phase-matching devices.10,11 However,
the size of such sources limits the options for miniaturizing systems.
On-chip photon-pair sources using CMOS compatible technologies
have recently come to be considered promising because of their com-
pactness and stability.12–16 For the realization of broadband frequency
entangled photon sources, experiments using a Hydex ring resonator17

and a silicon nitride ring resonator18 have been reported. However,

the highest number of frequency modes reported for these experi-
ments is only about 40 modes,18 which corresponds to a bandwidth of
16 nm. It is important to develop on-chip frequency entangled photon
sources with a broader wavelength bandwidth and to clarify the factors
which determine the bandwidth.

In this paper, we report an investigation into broadband photons
generated from a high-index contrast doped glass ring resonator by
spontaneous four wave mixing (SFWM). We performed frequency-
correlation between the signal and idler photons using frequency-
resolved coincidence detection and confirmed that the signal and idler
photons are correlated over 59 frequency modes, corresponding to a
bandwidth of 23.6nm, which are the largest numbers so far achieved.
Furthermore, we reproduced the experimentally observed joint spec-
tral intensity from the obtained transmission spectrum of the ring res-
onator involving information of the dispersion of the device. The
results confirm that the bandwidth is limited by the phase matching
condition of the SFWM process.

First, we obtained the transmission spectrum of the device. We
used a four-port ring resonator with a free spectral range (FSR) of
50GHz made from high-index contrast doped glass19,20 [Fig. 1(a)].
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The cross section of the waveguide is 2lm� 2lm. The radius of the
ring resonator is 595lm and all the input/output modes are fiber pig-
tailed. Figure 1(b) shows the transmission spectrum of the ring resona-
tor. A CW laser from a tunable laser diode (santec, TSL-710) is
injected into the Input port of the ring resonator, and the output light
from the Through port and the Drop port is measured using power
meters (Newport, 2936-C) while scanning the wavelength of the tun-
able laser. The horizontal axis of Fig. 1(b) is the input value to the laser

diode. The black and red lines are the transmission measured at the
through and drop ports, respectively. The observed free spectral range
(FSR) is 0.4 nm, which agrees well with the calculated FSR using the
ring radius and an effective refractive index of 1.6. Figure 1(c) shows a
single resonant dip at a wavelength of 1550nm. The red line shows a
Lorentzian fit. The FWHM of the dip is 1.10 pm and the quality factor
Q for this dip is 1:41� 106. The average Q factor in the wavelength
range from 1500nm to 1600nm is 1:25� 106.

Next, we performed frequency-resolved coincidence detection of
the generated photon pairs from the device. Figure 2 shows the sche-
matic experimental setup. A CW pump light with a wavelength of
around 1550nm and a power of 65 mW is generated by a tunable laser
diode (TLD, santec, TSL-210V) and an erbium doped fiber amplifier
(EDFA, Alnair Labs, HPA-200C). The polarization of the pump light is
controlled by a polarization controller (PC) and is spectrally filtered by
bandpass filters (BPF, Haphit, bandwidth: 15506 0.7nm). Then, the
pump light is injected into the Input port of the device. Output photons
from the Drop port are sent to a fiber Bragg grating filter (FBG, OE
Land) to reject the residual pump light. Then, the output photons are
divided by a 50:50 beam splitter and sent to each of the tunable BPFs
(TBPF, WL Photonics) whose bandwidths are narrower than the FSR of
the ring resonator. The frequency selected photons are then detected by
superconducting nanowire single photon detectors (SNSPDs) D1 and
D2.21 In our experimental setup, transmission between the chip and
fiber is about –0.97dB, and the total transmission of two filters (FBG
and TBPF) and a 50:50 beam splitter is about –7.0dB, except for the
modes in the pink-shaded region in Fig. 3. As well as these losses, the
detection efficiencies of our photon detectors are 14% (signal) and 10%
(idler). Therefore, the total effective detection efficiencies are –16.5 dB
(signal) and –18.0 dB (idler). We calculated the single counts and coinci-
dence counts from the timing data of the signals from D1 and D2
recorded by a time-to-digital converter (TDC, ID Quantique, id800).

Figure 3 shows the single count rates measured while scanning
the TBPFs. Instead of the wavelength used in Fig. 1(b), we used the fre-
quency mode number for the horizontal axis. Mode number 0 is
assigned to the resonant mode pumped by the narrow-band tunable
laser. Photons with negative (positive) number modes with lower
(higher) wavelengths are called signal (idler) photons. The �6–6
modes are eliminated by the FBG. The �30–30 modes are also

FIG. 1. (a) Schematic of the high-index contrast doped glass ring resonator. (b)
Transmission spectrum of the ring resonator. The black and red lines show the
transmission measured at the through and drop ports, respectively. (c) A resonant
dip of the ring resonator. The red line shows a Lorentzian fit. The FWHM is 1.10 pm
and the quality factor is 1:41� 106.

FIG. 2. Experimental setup for the frequency-resolved coincidence detection of gener-
ated photon pairs from the device. TLD: tunable laser diode; EDFA: erbium doped fiber
amplifier; PC: polarization controller; BPF: bandpass filter; FBG: fiber Bragg grating fil-
ter; TBPF: tunable BPF; D1, D2; superconducting nanowire single photon detectors;
TDC: time-to-digital converter. The green arrow represents CW pump light. The blue
and red arrows represent signal and idler photons, respectively.
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strongly affected by the FBG. The ratio of photons generated by a
four-wave mixing process and the background light mainly due to
Raman scattering of pump light at this pump power is estimated to be
about 1:2 based on our previous paper.19

Figure 4(a) shows the experimental results of the frequency-
resolved coincidence detection of generated photon pairs. The accu-
mulation time was set to 30 s and the coincidence window was set to
2 ns. Note that there were some “–1” counts registered because acci-
dental coincidence events estimated from single counts were sub-
tracted from the raw data. The measurement was performed while
scanning the TBPFs to select only one resonant frequency mode for
each of the signal and idler photons, from �7 to �87 mode numbers
for signal photons and 7–87 mode numbers for idler photons, a total
of 812 ¼ 6561 combinations. From the result in Fig. 4(a), it is clear
that the coincidence events were recognizable only for the pairs of fre-
quency mode for which the sum of the mode numbers was 0, sugges-
ting that the photons are strongly correlated in frequency, satisfying
energy conservation in the SFWM process with the pump light.

Figure 4(b) shows the frequency-resolved coincidence detection
results for the cases where the sum of the mode numbers for the signal
and idler photons is 0. Note that the coincidence events from 7 to 30
are affected by the loss in the FBG. All the coincidence events observed
from mode number 14–72 are larger than the highest off diagonal
entry of 1.49 cps. Thus, we conclude that the frequency correlation of
the photon-pairs has been observed over 59 frequency modes, which
corresponds to a bandwidth of 23.6nm.

In order to understand the frequency dependence of the intensity
of the correlated photon pair generation observed in Fig. 4(b), we cal-
culated the joint spectral intensity from the transmission spectrum
shown in Fig. 1(b). When the frequency dependence of the nonlinear
coefficient can be well approximated as a constant, the joint spectral
intensity is determined by the energy conservation, phase-matching
condition, and resonant condition of the ring resonator.

The two-photon state generated in the ring resonator is given by22

jUi ¼ k
ð1
�1

gðx0Þdx0

X
m

ð1
�1

dxAmðxÞA�mð2x0 � xÞ

� eiDbLsinc DbL=2ð Þa†ma†�mj0i; (1)

where m is the frequency mode number when the frequency mode of
the pump light is set to 0. k is a constant, gðx0Þ is the pump linewidth,
L is the circumference of the ring resonator, and a†m is the creation
operator for modem. AmðxÞ is given by

FIG. 3. Measured single counts. The horizontal axis is the frequency mode number.
The vertical axis is the single count rates detected by D1 (signal) or D2 (idler). Note
that the signals from mode numbers �7–7 were not detected due to the strong
loss of the FBG used to cut the pump light, and the counts in the pink-shaded
region are also affected by the FBG loss. The accumulation time was 30 s.

FIG. 4. (a) Frequency-resolved coincidence detection of generated photon pairs
from the device. The horizontal and vertical axes are the frequency mode of the
idler and signal photons, respectively. Accidental coincidence counts are sub-
tracted. (b) Frequency-resolved coincidence detection events for the frequency-
correlated pairs, corresponding to the diagonal part in Fig. 4(a), with accidental
coincidence events subtracted. The region where the loss due to the FBG is non-
negligible is colored pink. (c) Calculated normalized joint spectral intensity. Red
squares: excluding the transmission of the experimental setup. Blue dots: including
the transmission of the experimental setup. The error bars show the standard devi-
ation of five transmission spectrum measurements.
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AmðxÞ ¼
ffiffiffiffiffi
cm
p

cm
2
� iðx� xmÞ

� � ; (2)

where cm and xm are the linewidth and resonant frequency of the ring
resonator, respectively. Db is given by23

Db ¼ 2b0 � bm � b�m � 2CP0; (3)

where bm is the propagation constant, C is the nonlinearity, and P0 is
the pump power. Here, we have ignored 2CP0 for simplicity. The joint
spectral intensity is calculated by hUja†ma†�ma�mamjUi. Using Eq. (1),
the joint spectral intensity including the transmission of the experi-
mental setup is given by

CJSIðmÞ ¼ gmg�mk
2
ð1
�1

gðx0Þdx0

�
ð1
�1

dxA2
mðxÞA2

�mð2x0 � xÞsinc2 DbL=2ð Þ; (4)

where gm is the transmission of the experimental setup at the fre-
quency of the m mode. 4(c) shows the calculated normalized joint
spectral intensity. We obtained xm, bm, and cm from the transmis-
sion spectrum shown in Fig. 1(b). We considered gðx0Þ to be
Gaussian with a linewidth of 1MHz. The blue dots and red squares
show the calculated joint spectral intensity with and without the
transmission of the experimental setup, respectively. The error bars
show the standard deviation of five transmission spectrum measure-
ments. The measured coincidence counts show good agreement with
the calculated coincidence counts. As shown in Fig. 4(c), the coinci-
dence counts decrease as the mode number increases. This is because
the mismatch of the resonant frequency between the pump, signal,
and idler increases due to the frequency dependence of the refractive
index. We evaluated the FWHMs of joint spectral intensities of the
experimental result [Fig. 4(b)] and the numerical calculation [blue
dots in Fig. 4(c)] using polynomial fitting. The FWHMs of joint spec-
tral intensities in Figs. 4(b) and 4(c) are 24.2 mode and 22.2 mode,
respectively, and agree well. We confirmed that the experimentally
observed joint spectral intensity can be reconstructed from the trans-
mission spectrum of the ring resonator and the transmission of the
experimental setup.

In this paper, we measured the frequency correlation of photon-
pairs generated in a ring resonator. We confirmed that the photon-
pairs are correlated over 59 frequency modes of signal and idler
photons, corresponding to a bandwidth of 23.6 nm. We calculated the
joint spectral intensity and compared it with the measured data. The
measured result shows good agreement with the calculated result. We
believe that our results are a step toward realizing an on-chip ultra-
broadband frequency entangled photon-pair source.
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