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Telecom-band degenerate-frequency photon pair
generation in silicon microring cavities
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In this Letter, telecom-band degenerate-frequency photon pairs are generated in a specific mode of a silicon micror-
ing cavity by the nondegenerate spontaneous four-wave mixing (SFWM) process, under two continuous-wave
pumps at resonance wavelength of two different cavity modes. The ratio of coincidence to accidental coincidence
is up to 100 under a time bin width of 5 ns, showing their characteristics of quantum correlation. Their quantum
interference in balanced and unbalanced Mach—Zehnder interferometers is investigated theoretically and experi-
mentally, and the results show potential in quantum metrology and quantum information. © 2014 Optical Society

of America
OCIS codes:

four-wave mixing.
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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 y® 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
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(270.0270) Quantum optics; (190.4390) Nonlinear optics, integrated optics; (190.4380) Nonlinear optics,

Microelectronics (IME), Singapore]. The cavity has the
shape of a race track, with a circumference of
132.5 pm. 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
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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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Table 1. Characteristics of the Cavity Modes
Resonance Resonance Extinction Q
Wavelength (nm) FWHM (nm) Ratio (dB) Factor
1533.80 0.019 10.3 8.1x 104
1551.52 0.024 12 6.5 x 10*
1542.60 0.023 9 6.8 x 10*

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. @ values of the three modes
are all at the magnitude of 10*-10°, 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 (60/560 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 ps, 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 SPDI1 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 ps), a modified count rate, denoted by C', is
shown in Fig. 2.Itis calculatedby C' = (C -d)/(1 - C x 1)
[16], where C is the measured count rate of SPD2 and d
and 7 are the dark count rate and dead time of SPD2,
respectively. Hence, C' 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 Ppymp. 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
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Fig. 2. Modified count rates (C') of SPD2 under different
pumping condition and pump levels. The black square and
red dots are the C’ when only Pump1 or Pump2 is on. The down
triangles are the sum of them, and the up triangles are the C’
measured when both of the pumps are on. The lines are
quadratic fitting curves of the experiment results.

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 C’ measured when
both pumps turn on is obviously higher than the sums
of C' measured under a single pump. The increase in C’
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 C' 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
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Fig. 3. CARs under different modified count rates of SPD2.
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Fig. 4. Theoretical model for the quantum interference of the
photon pairs in a MZI.

absorption in silicon waveguides and the dead time of the
SPDs. It can be expected that high photon pair genera-
tion rate also can be realized under high pump levels
in silicon microring cavities with reverse bias p-i-n struc-
tures, which is measured by superconducting nanowire
SPDs [9]. It is also worth noting that, beside C’, the
CAR highly depends on the time bin width of TCSPC
measurement [17]. A relatively wide time bin (5 ns) is
used in this experiment. Higher CAR could be expected
if smaller time bin width is applied (for comparison, a
time bin width of ~230 ps is used in the experiment
of Ref. [9]).

Then the quantum interference of the generated
photon pairs in a Mach-Zehnder interferometer (MZI)
is demonstrated. Figure 4 is the sketch for theoretical
analysis, in which BS1 and BS2 are two beam splitters
and M1 and M2 are two reflectors. The delay line
provides a length difference between the two arms,
which is denoted by AL. ¢ is a tunable phase difference
between the two arms.

At the input port of the MZI, the photon pair state
generated by the nondegenerate SFWM at the specific
cavity mode can be expressed as [2,18]

y) = / Aoy ooy (5. ) (@4)dL} (;)]0)
(D(a)s, a)i) = AF(ws)F(a)i)a(a)pl + Wp2 — Wg — a)i)- (1)

In this expression, ,; and w,; denote frequencies of the
two pumps. w; and w; denote frequencies of generated
signal and idler photons, respectively. A is a normalized
coefficient. F(w) is the enhancement factor of the cavity
mode. If the cavity mode is under critical coupling (the
cavity used in the experiment is close to critical coupling
according to Table 1),
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where @, and 6w are the resonance frequency and
resonance line width of the cavity mode, respectively.
k is the coupling coefficient.

At output ports of the MZI before SPD1 and SPD2, the
field operators can be expressed by [19]

E’l(t) = _1|:E’s(t) _Es (t_%)eiq) +E1(t) _Ei (t—%)ei’/'} ,

Ezor)——[E )+, (t—%)ei(”—i—ﬁ’i(t)+Ei(t—%)eifﬂ}

where

Es,i(t) e Imsi(t-2/0) 3)

de za(a)s 7

v

which are the field operators for signal and idler photons
at the input end of the MZI.

The coincidence count rate of the SPD1 and SPD2 can
be calculated by

R s o<[ G (7)dr, (@)
Tg

where T’y is the detection time for the measurement and
G®(r) is the second-order correlation function, which
can be calculated by
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Substituting Eqs. (1) and (2) into Egs. (4)-(6), and given
that T, is long enough to extend the integration range of
Eq. (4) to infinite, the coincidence count rate can be
calculated as

1 AL .1
RI,Z X (1 — § (1 —+ 20w - ?)Q_ZEw.ACI - E COS 2(ﬂ) (7)

In the experiment, the MZI is realized by commercial
DPSK demodulators. ¢ can be adjusted by the voltage
applied to the DPSK demodulators and calibrated by
another laser with narrow line width before each meas-
urement. The experiment results under AL =0 and
AL = 12 cm are shown in Figs. 5(a) and 5(b), respec-
tively. The black squares are measured coincidence
counts (the contribution of accidental coincidence
counts is subtracted), and the red lines are results of their
sine fitting.

Equation (7) shows that, if AL = 0, the coincidence
count rate of SPD1 and SPD2 can be simplified to
R =1-cos 2¢. Hence, the two-photon interference
fringe should have a sinusoidal dependence on ¢ with
a period of z and a visibility of 100%. Figure 5(a) shows
the experiment result under this case. It can be seen that
the measured two-photon interference fringe has a
period of 7 and a visibility of 95.4 £ 6.9%, agreeing well
with the theoretical analysis, while the single side count
of SPD2 has a sinusoidal dependence on ¢ with a period
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Fig. 5. Experiment results of the quantum interference of
the generated degenerate-frequency photon pairs in a MZIL
(a) AL =0 and (b) AL = 12 cm.

of 2z, showing the interference of single-photon wave
packets.

In the case of AL = 12 cm, since line widths of two
pumps are very narrow, the coherence length of the
two-photon wave packet is far longer than AL, the inter-
ference of the two-photon state also can be expected.
However, the coherence length of the single photon,
which is determined by the resonance spectral width
of the cavity mode, is smaller than the AL; hence, the
interference of the single-photon wave packet is elimi-
nated. The coincidence count rate can be calculated
as R~1-1/2 cos 2z according to Eq. (7), showing a
theoretical visibility of 50%. Figure 5(b) shows experi-
ment results in this case. The coincidence counts under
different ¢ show a fringe with period n and visibility of
48.6 + 2.9%, close to 50%. While the single side count
of SPD2 does not vary with ¢, it also agrees with the theo-
retical analysis. These experiment results show that
quantum interference can be realized by the generated
degenerate-frequency photon pairs.

In conclusion, degenerate-frequency photon pairs at
the telecom band are generated in a specific mode of
a silicon microring cavity by the nondegenerate SFWM
process under CW pumping. Maximum CAR is up to
100 under a time bin width of 5 ns, showing their
characteristics of quantum correlation. The two-photon
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quantum interference in a MZI is demonstrated, showing
a fringe visibility of 95.4 £ 6.9% in the balanced MZI and
48.6 + 2.9% in the unbalanced MZI, which agrees with the
theoretical analysis (100% for the balanced MZI and 50%
for the unbalanced MZI), showing their potential in appli-
cations of quantum metrology and quantum information.
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