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We experimentally engineer a high-spectral-purity single-photon source using a single-interferometer-coupled silicon
microring. By the reconfiguration of the interferometer, different coupling conditions can be obtained, corresponding to
different quality factors for the pump and signal/idler. The ratio between the quality factor of the pump and signal/idler
ranges from 0.29 to 2.57. By constructing the signal—idler joint spectral intensity, we intuitively demonstrate the spectral
correlation of the signal and idler. As the ratio between the quality factor of the pump and signal/idler increases, the spectral
correlation of the signal and idler decreases, i.e., the spectral purity of the signal/idler photons increases. Furthermore,
time-integrated second-order correlation of the signal photons is measured, giving a value up to 94.95 £3.46%. Such
high-spectral-purity photons will improve the visibility of quantum interference and facilitate the development of on-chip

quantum information processing.

Keywords: spectral-purity, microring, asymmetric Mach—Zehnder interferometer
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1. Introduction

High-quality and deterministic single-photon sources
play a critical role in quantum information processing, in-
cluding quantum cryptography!!-? and linear-optical quantum
computation.>*! Single-emitter-based single-photon sources
and heralded single-photon sources via spontaneous paramet-
ric process are two typical approaches to generate on-demand

The former has been realized on different
[7.8]

single photons.
quantum systems such as quantum dots,>®! single atom
and color centers.l”) A typical implementation of the latter
is via spontaneous four-wave mixing (SFWM) in integrated
quantum photonic circuits (IQPCs). The heralded single-
photon source based on SFWM in IQPCs holds the advantage
of scalability, robustness, energy efficiency and compactness.

Quantum light sources based on SFWM have been imple-
mented on a variety of platforms, such as silicon-on-insulator
(SOD),19 sjlica-on-silicon,!''1 and SiN-on-silica.['?! Of all
these platforms, SOI is especially appealing for its CMOS-
compatibility and holds great potential in fully integrated pho-
tonic chips toward high-performance quantum information
processing. Due to the high refractive index contrast,!'3! large
third-order nonlinear coefficient!!*! and compact volume, sili-
con microrings have dramatically increased SFWM efficiency
under a relatively low pump power.['>] The bright photon-
pair source has been implemented using a dual-interferometer-
coupled silicon microring.!'®" Apart from the brightness, the
spectral purity of single photons is another essential property
to ensure high-visibility quantum interference. The converted
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photon pairs should be unentangled in frequency to ensure
the heralded single photons in the spectrally pure state. Us-
ing a narrowband filter to post-select the converted photons
is a simple way to obtain high spectral purity, with the sac-
rifice of single photon counts and the heralding efficiency.
Another approach for pursuing high-spectral-purity single-
photon source has been proposed theoretically!”! and demon-
strated experimentally.[!®! Fully separable biphoton wavefunc-
tion is engineered using dual-interferometer-coupled micror-
ing, which does not sacrifice the heralding efficiency. The
high spectral purity from dual-interferometer-coupled micror-
ing benefits from independently tuning quality factors of the
pump and converted photons, compared with the one or dou-
ble straight-waveguide coupled microring whose upper bound

20.211 However, a series of dual-

on spectral purity is 93%.[
interferometer-coupled microrings with different coupling pa-
rameters need to be fabricated to confirm the optimal one since
the quality factors are fixed after the manufacture of the chip.

In this work, we use a single-interferometer-coupled
microring to achieve and characterize high-spectral-purity
single-photon source. The microring coupled by an asymmet-
ric Mach—Zehnder interferometer (AMZI) can be configured
to get different quality factors for the pump and converted pho-
tons. We experimentally engineer the spectral purity of the
heralded photons over 93% following the method in Ref. [19].
It is a fabrication-friendly scheme to generate high-spectral-
purity single photons because of its reconfigurability. This
spectral-purity-reconfigurable single-photon source is desired
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in multiphoton interference research, such as disclosing the re-
lationship of fidelity and distinguishability of photons in Bo-
son sampling. [??]

2. Theory

The normalized two-photon state from SFWM can be rep-
resented as

/ doydw; ¢ (ws, w;)a a,saw1 |0), (1

where az)s (az, ) is the creation operator of the signal (idler)
photons with angular frequency @s (@;).['" ¢ (@, ®;) is the
joint spectral function in the form

/dwpa

xI (wp) ! (0 + o —

@)
wp) L (@)l (@;). (2)

The normalized pump laser’s spectral distribution () is

¢ (o5, 0;) ws + o —

usually in Gaussian mode, and the resonances of pump, sig-
nal and idler are described by Lorentzian function

Hw) =ix/ (11 etPOL. L), 3)

where x and ¢ are respectively the cross-coupling and self-
coupling coefficients between the bus waveguide and micror-
ing, B (o) is the propagation constant for angular frequency o,
L is the roundtrip length of the microring, and 7 is the effective
loss coefficient of the microring.

The detection of one photon in the converted photon pair
heralds the existence of the other. If the joint spectral function
is narrowly peaked at Qg + €; = 20, where £, ; and Q,
are the central frequencies of the signal, idler and pump, the
converted photon pair will be highly anti-correlated in fre-
quency. In this situation, the heralded single photon is in a
mixed state. The strict correlation can be relaxed by broad-
ening the pump spectrum, giving rise to spectrally pure sin-
gle photons. Except for a sufficiently spectrally broad pump
laser, the pump resonance linewidth must be much broader
than the signal’s and idler’s to get high spectral purity of the
The full width at half-maximum of the
resonance at frequency @ is ®/Q, where Q stands for the

heralded photons.

quality factor of the microring. Therefore, to achieve high
spectral purity of single photons the pump quality factor Q,
must be significantly smaller than signal quality factor Qg
and idler quality factor Q;. The purity of the heralded sin-
gle photon can be calculated by p = 1/K, where K = X?/Y is

the Schmidt number?3 and X = [ da; [ do; |9 (o5, 0;)]>, Y =

Jdo, [do; [do, [do;[¢ (o, o;)9 (o), 0;)¢* (@, @) §* (0, o).

Assuming the injected pump laser’s spectrum is sufficiently
broad, we numerically calculate the spectral purity as a func-
tion of Qg/;/Qp. As shown in Fig. 1, higher purity is expected
by increasing the ratio Qy ; /Op.
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Fig. 1. Spectral purity as a function of Oy /Qp. The red dots are sam-
ples generated using parameters corresponding to our chip; the green line is
spectral purity function of Qg /0Oy fitted from the simulated samples; and
the blue dots with error bars are purities detected experimentally.

The total quality factor contains intrinsic and extrinsic
quality factor
1 _ 1 . 1 7 1 _ 1 . 1
Qp Oint Qext.p Qs/i Oint
The roundtrip loss of the ring determines the intrinsic qual-

ity factor Qjn, while the effective coupling coefficient of the
interferometric coupler determines the extrinsic quality factor

QCX[ s

. 4
Qext,s/i @

Qext = LLz (5)
Ve | Ket]

An AMZI-coupled microring structure is used to manipulate
the coupling conditions of the pump and signal/idler to opti-
mize the spectral purity of the generated photons, as shown
in Fig. 2. Assuming the intrinsic quality factors are constant,
the quality factors of the pump and signal/idler are determined
by the effective coupling coefficient. The path difference of
AMZI is half of the ring’s roundtrip, 7R, in the original pro-
posal in Ref. [19]. To avoid the heat crosstalk between heaters
in AMZI and microring, the path difference of AMZI is set
to 37R in our experiment. The effective coupling coefficient
configured by the AMZI satisfies

e, pis/iy| = 262 (1 = &) [1 4 cos(By(s AL+ 6)],  (6)

where ﬁp(s /i) 1s the propagation constant of the pump (sig-
nal/idler) and Al is the length difference between the long and
short arms of the AMZI. The AMZI with 3R path difference
gives 37 phase shift between adjacent resonances assigned as
the pump and signal/idler, i.e., if the pump is set to be max-
imally coupled into (out from) the microring, the signal and
idler resonance will be suppressed. Suppose ¢ = B, Al + 0 and
the constant A = Qjni/Qext,p—o is the ratio of the intrinsic and
maximal extrinsic quality factor. We can control the extrinsic
quality factor by the phase-shifter in the AMZI following

1 1
-
Qs/i o Oint Qext,p . 2+A(1+COS(P) @)
0, 1 1 2+A[l+cos(o+3m)]
-
Oint Qext,s/i
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The ratio of Qy/; and O can be set in the range of (1/(1+
A), 1+A), so we can get different purities of single photons.
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Fig. 2. (a) Schematic of AMZI-coupled microring. (b) The transmission
spectra of the AMZI-coupled microring and the corresponding effective cou-

pling.

3. Experiment

Experimentally, we fabricate an AMZI-coupled micror-
ing on an SOI chip. The height of the silicon waveguide in sil-
ica is 220 nm, and the width is 450 nm. The roundtrip length
of the microring is 27 - 28 um. Free spectral range (FSR) of
3.2 nm is implemented to align the standard dense wavelength
division multiplexing (DWDM) channels. The gaps at the two
coupling points of the AMZI are both 180 nm. Thermo-optic
modulators on the long arm of AMZI and microring are re-
spectively used to tune the interferometer phase and resonant
wavelength. The experiment setup is shown in Fig. 3. The
pulsed laser with a repetition frequency of 60 MHz is used
as the pump laser, which is filtered by a 200 GHz DWDM
to suppress sideband noise. A continuous-wave (CW) laser is
introduced as the seed signal for joint spectral correlation mea-
surement. The two lasers are combined by a 50:50 fiber beam
splitter. The grating couplers couple in and out the pump, seed
and converted photons through an off-chip fiber array.

By adjusting the voltage on the phase shifter in AMZI,
different effective coupling coefficients are configured. To get

the transmission spectra, we scan the tunable CW laser and
record the resonator’s transmission power by a power meter.
Figure 3 gives the transmission spectra at different voltage
configurations. The corresponding quality factors are listed
in Table 1. It is hard to maintain exactly equal quality fac-
tors of signal and idler, so we take the minimum of Qg and Q;
to calculate Qg/;/Qp. The ratios Qy/;/Qp are measured to be
0.29, 0.48, 0.75, 1.14, 1.70 and 2.57. According to the fitting
curve in Fig. 1, the purity of the converted photons is expected
to be 67.33%, 79.38%, 88.08%, 93.43%, 96.65% and 98.49%,
respectively.
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Fig. 3. (a) Experimental setup. PC, polarization controller; BS, beam split-
ter; PM, power meter; OSA, optical spectrum analyzer; CC, coincidence
counting module; NF, narrowband filter. (b)—(g) The measured transmission
spectrums and the corresponding QO /; /Op.-

Table 1. Summary of main metrics of the AMZI-coupled microring single-photon sources.

AMZI (V) 0y (10°) Qi (10%) Qs (10%) 0yi/Qp Pieo (%) Pisi (%) P (%)
V3 41.92 12.36 13.66 0.29 67.33 63.60 50.31£3.34
V4 31.45 14.95 15.56 0.48 79.38 79.03 69.31£3.90
V5 23.71 17.92 17.74 0.75 88.08 75.28 85.45+2.41
V6 18.25 22.19 20.73 1.14 93.43 87.98 89.11+£1.79
V7 14.68 26.26 25.00 1.70 96.65 89.70 9491+3.14
V8 11.54 29.93 29.61 2.57 98.49 94.77 94.95+3.46

By constructing the signal-idler joint spectral intensity
(JSI) profile using the stimulated emission tomography (SET)
method,”* we then study the detailed spectral correlation of
signal and idler. Figure 4 gives the theoretical and measured
JSI profiles. It depicts that the measured JSI profiles agree well
with the theoretical ones. A clear frequency anti-correlation is
observed when O ; /Qp < 1. With the ratio O /i /Qp increas-
ing, the spectral correlation of signal and idler decreases. The
SET measurement gives a vivid image of spectral correlation,
and supplies the corresponding purity of 63.60%, 79.03%,
75.28%, 87.98%, 89.70% and 94.77%, respectively. Further-

more, both theoretical and experimentally measured JSI pro-
files suffer from the deformation compared to those in previ-
ous work. This is mainly caused by the drastic change of the
effective coupling coefficients around the frequency of reso-
nances. In one FSR of 3.2 nm, the effective coupling coef-
ficient of AMZI with 37R path difference goes through 1.5
periods, while the effective coupling coefficient of AMZI with
7R path difference goes through 0.5 periods. The unsymmetry
of transmission spectra caused by the drastic change of the ef-
fective coupling coefficients can be observed in Fig. 2(b) and
experimentally demonstrated in Figs. 3(b)-3(g).
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Idler wavelength (nm)

1.0

0

Signal wavelength (nm)

Fig. 4. (a)~(f) Theoretical and (g)—(1) experimentally measured signal-idler joint spectral intensity profiles for the ratios Qs ; /Op being 0.29, 0.48,

0.75, 1.14, 1.70 and 2.57.

Time-integrated second-order correlation (g?) is a rigid
purity measurement quantitatively describing the number of
temporal modes contained in the converted single photons.
To measure g® of the signal photons, a 100 GHz DWDM
is first used to separate signal photons from idlers and trans-
mitted pump. To further suppress the pump noise and pho-
tons from the broadband SFWM in the fiber and straight sil-
icon waveguide, a linewidth-tunable narrowband filter (NF)
follows the DWDM channel. In order not to post-select the
signal’s spectrum, the NF linewidth is set to 0.2 nm for sig-
nal with quality factor of 13660, 15560, 17740, while the
NF linewidth is set to 0.1 nm for signal with quality factor of
20730, 25000, 29610. The signal is then split by a 50:50 fiber
beam splitter and detected by two superconducting nanowire
single-photon detectors with dark count rates of 29 Hz and
34 Hz, respectively. Single counts and two-fold coincidence
count are recorded to calculate g(z), which are listed in Ta-
ble 1. The g of the signal photons increase with the ratio
0Os/i/Qp, and they are marked in Fig. 1. There are three key
factors resulting in the measured single photon purity below
the theoretical calculation. First, the waveguide connecting the
grating coupler and the input port of the microring is 1188 pm,
and the waveguide connecting the output port of the micror-
ing and the grating coupler is 372 um. The SFWM in these
waveguides also generates photon pairs but with a different
joint spectrum which will affect the purity of the detected sin-
gle photons. Second, there is still transmitted pump power not
filtered out by the DWDM and NF, affecting the g(2) measure-
ment of the signal photons. Third, the imperfection of the nano
fabrication causes the deformation of the transmission spec-
tra. When the microring works in undercoupling condition,
mode-splitting can be observed, indicating that the resonances
in the experiment are not perfectly consistent with the theoret-
ical calculation. With the effect of all these factors, the highest
purity of 94.95 +3.46% is implemented in our AMZI-coupled

silicon microring.

4. Conclusion

We have experimentally demonstrated and characterized
a spectral-purity-reconfigurable single-photon source based on
an AMZI-coupled silicon microring. The JSI profiles intu-
itively demonstrate the decrease of correlation between sig-
nal and idler as the ratio of signal/idler and pump quality fac-
tor increases. The single photon g(z) up to 94.95 +£3.46% is
measured. Such high-spectral-purity photons will improve the
visibility of quantum interference and facilitate the develop-
ment of on-chip quantum information processing. Moreover,
this concise and reconfigurable AMZI-coupled microring is a
fabrication-friendly structure of a high-spectral-purity single-
photon source. We can still get high-spectral-purity single
photons by the configuration of AMZI, even if the bias exists
in the fabrication of the AMZI-coupled microrings.
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