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On-chip bright quantum sources with multiplexing ability are extremely high in demand for integrated quantum networks with
unprecedented scalability and complexity. Here, we demonstrate a bright and broadband biphoton quantum source with spec-
tral multiplexing generated in a lithium niobate microresonator system. Without introducing the conventional domain poling,
the on-chip microdisk produces photon pairs covering a broad bandwidth promised by natural phase matching in spontaneous
parametric down conversion. Experimentally, the multiplexed photon pairs are characterized by 30 nm bandwidth limited by
the filtering system, providing over 40 multiplexing channels with a 0.8 nm channel spacing. Meanwhile, the generation rate
reaches 5.13 MHz/uW with a coincidence-to-accidental ratio up to 804, and the quantum source manifests a high purity with a
heralded single photon correlation gg)(O) = 0.0098 + 0.0021. Furthermore, the energy-time entanglement is demonstrated with
an excellent interference visibility of 96.5% + 2%. Such a quantum source at the telecommunication band paves the way for

high-dimensional entanglement and future integrated quantum information systems.
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1 Introduction

Integrated quantum photonics combining micron-scale fabri-
cation techniques and quantum information carriers promises
a new platform for quantum computation and communica-
tion systems [1-4]. For global quantum information process-
ing, a systematic on-chip quantum device includes quantum
sources [5, 6], quantum detectors [7, 8] and quantum trans-
ducers [9], etc. Among them, quantum sources lay the foun-
dation for all integrated quantum networks [10], especially
those capable of generating massive numbers of qubits [11].
So far, this target has been realized by raising the number of
entangled photons or their dimensionality [12-16], techni-
cally fulfilled with an array of quantum sources [17] or post
selection of multiple photon pairs [18]. Nevertheless, pho-
tonic sources with multiplexing ability, which can overcome
the possible incompatibility between different on-chip imple-
mentations, provide an alternative approach [19].

Parametric processes including spontaneous parametric
down conversion (SPDC) and spontaneous four wave mix-
ing [16,20,21] are normally used to generate integrated pho-
tonic sources [22]. These approaches require materials pos-
sessing x® or x® nonlinearity, for which lithium niobate
(LN), aluminum gallium arsenide (AlGaAs), silicon nitride
(SiN), silicon (Si), etc., are appropriate candidates. Among
all potential materials, LN is highly qualified for its superior
%@ nonlinear property [23,24], which not only guarantees
the efficiency of the parametric conversion process but pro-
vides high modulation capacity under superconducting tem-
perature with the Pockels effect [25,26]. These merits make
LN a promising platform for fully integrated quantum pho-
tonics chips [26-30]. Nevertheless, with the commercializa-
tion of lithium niobate on insulator (LNOI) wafer and the de-
velopment of related micro-fabrication techniques [31-34],
versatile quantum photon pair sources have been realized
on LNOI systems with structures like periodically poled
lithium niobate (PPLN) waveguides [35, 36], microring res-
onators [37] and microdisk resonators [38] in recent years.
Among them, disk-shaped whispering gallery mode mi-
croresonators not only have the characteristics of simple fab-
rication processes and uncomplicated experimental systems,
but also support abundant modes for multiplexing applica-
tions [39-44]. Such a spectrally multiplexed quantum source
can be used to increase the quantum channel capacity for
high-density quantum-key-distribution systems [45,46] or to
realize frequency-encoded high-dimensional quantum infor-
mation processing [47,48].

Here, we experimentally achieve photon pairs generated
on a high-quality LN microdisk with high brightness and
spectral multiplexing, and the verified bandwidth covers the
full channels of a commercial dense wavelength division
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multiplexing (DWDM) from 1535 to 1565 nm. The broad
phase-matching window is fulfilled by a concise and solid
setup utilizing the natural birefringence of LN in an X-cut
microdisk. With this technique, strong and broadband non-
linearity could be achieved even without periodic poling.
In the system, the crystal axis lies in the plane of the mi-
crodisk, making the propagation constant of transverse elec-
tric (TE) modes nonuniform. Consequently, the parametric
process involving TE modes possesses an oscillating phase
mismatching quantity azimuthally, which promises a broad
phase-matching window similar to the quasi phase-matching
technique. Besides, the extraction efficiency is optimized
with two distinct tapered fibers for the coupling of visi-
ble pump light at 775 nm and orthogonally polarized pho-
ton pairs around 1550 nm respectively. The aforementioned
design ensures a superior pair generation rate (PGR) over
5.13 MHz/uW as well as excellent purity of the source with
a coincidence-to-accidental ratio (CAR) up to 804 and a her-
alded single photon correlation (HSPC) gg)(O) = 0.0098 +
0.0021. Moreover, the photon pair source is verified for
energy-time entanglement with an excellent interference vis-
ibility of 96.5% + 2.0%. This versatile photon pair source,
possessing both high PGR and wide bandwidth, paves the
way for a broad spectrum quantum information process with
the integrated photonic chip.

2 Experimental configuration

The experimental setup has been illustrated in Figure 1(a).
The microdisk is fabricated on LNOI by photolithography-
assisted chemo-mechanical etching [49, 50] and a freestand-
ing LN microdisk with a diameter of 93 pm with a smooth
sidewall and a wedge angle of approximately 35° is fi-
nally applied, as shown in the scanning electron microscopy
(SEM) images of Figure 1(a). In the experiment, the vis-
ible pump light from a continuous wave laser is launched
into the LN microdisk via a fiber tip. Meanwhile, the gen-
erated signal and idler lights are collected by another tapered
fiber specially designed for coupling at the communication
band with the clockwise and counter-clockwise collection ra-
tio around 20:1, which is a great promotion of the previous
work [38]. For the characterization of the coupling efficiency,
the pumping efficiency is estimated by monitoring the power
coupled out of the pumping fiber when injecting a visible
light through the collection fiber. When the power of the in-
jected 775 nm laser P = 1.41 mW, the transmitted power
in the collection fiber and the read-out power in the pumping
fiber are recorded as P, = 0.63 mW and P3 = 2.831 uW or-
derly. Successively, the pumping efficiency = P3/(P; — P3)
is calculated as 0.363%. The averaged collection efficiency is
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Figure 1 (Color online) (a) Experimental setup for quantum detection. The blue arrow in the microresonator denotes the crystal axis and 6 is the azimuthal an-
¢gle. Insets: SEM images of LN microdisk. (b) Schematic of generating broadband entangled photon pairs via non-degenerate SPDC. (c) Mode characterization
at visible and near-infrared band. Insets: field distributions of corresponding modes, red arrows denote the polarization. VOA: variable optical attenuator; DM:

dichroic mirror; LPF: 1400 nm long pass filter; SNSPD: superconducting nanowire single photon detectors; TCSPC: time-correlated single photon counting.

estimated by averaging the coupling efficiency for each res-
onant mode in the transmission spectrum when pumping an
infrared light into the collection fiber. The collection effi-
ciency for the modes at 1550 nm band is estimated as 55.6%
for maximum and 25% on average, which is pulled down by
the undercoupling of the modes with high radial mode num-
bers. In the case of the phase matching condition and en-
ergy conversation being fulfilled, the non-degenerate SPDC
process will happen and a single pump photon will be con-
verted into a signal photon and an idler photon. As illustrated
in Figure 1(b), the broadband photon pairs are composed of
two parts: one are the modes from different mode families
within a free spectral range (FSR) and the other are the modes
from the same mode family with an FSR interval. This fea-
ture distinguishes microdisk, which provides a multiplexed
as well as narrow linewidth quantum source, from other de-
vices like microrings or waveguides [36,37]. For the resonant
modes characterization, the transmission spectra at 1550 and
780 nm are respectively acquired by pumping wavelength
scanned lasers into the LN microdisk (Santec TSL-510 for
1500-1630 nm and New Focus TLB-6700 for 765-780 nm)
through a tapered fiber. Obtained from transmission spec-
tra, the FSR is estimated as 3.89 and 3.67 nm for the signal
and idler light, respectively. In the meantime, the polariza-
tion of the light is tested through the scattering light paral-
lel to the tapered fiber using a linear polarizer. It is proven

that the non-degenerate SPDC photon pairs generate from a
transverse magnetic (TM) mode at 774.86 nm with a high
radial modal number to two corresponding orthogonally po-
larized modes with low radial modal numbers. The involved
modes are then extracted and compared with the simulation
results applying the experimental model in COMSOL Mul-
tiphysics, from which three characteristic modes are shown
in Figure 1(c). With the existence of the non-uniform scat-
tering loss at different wavelengths for the adhesion of the
microdisk and fiber, the background lines of the transmission
spectra are not as flat as the normalized level, which is widely
observed [38,40]. Moreover, the loaded quality (Q) factor is
2.9%10° at the pump light wavelength and universally around
107 at signal and idler light wavelengths. It should be noted
that the severe loss of Q factors from the intrinsic Q over 107
blames on the great scattering decline from the adhesion of
the fiber and microdisk for the sake of system stability.

The signal is filtered by a dichroic mirror (DM) and a suc-
cessive long pass filter (LPF) before entering the supercon-
ducting nanowire single photon detectors (SNSPD), ensuring
the elimination of the pump light. Especially, the coincident
counts spectrum is gathered through a DWDM with a 0.8 nm
resolution and a 1535-1565 nm bandwidth. The spectrum
is demonstrated at the signal light side of the photon pairs
when the idler side is omitted for the symmetry of the spec-
trum, and the maximal coincident counts reach 350 ina 10 s
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time integral with center wavelength at 1552.52 nm shown
in Figure 2(a). The loss on the signal and idler light is esti-
mated as 25 dB from the generation to detection. Precisely,
the losses are calibrated as 2.2, 2.4, and 4 dB on the filtering
opponents including the LPF, DM and DWDM. Moreover,
the insertion and the transmission losses are respectively 8.7
and 3 dB. It should be noted that the shrinkage of coinci-
dent counts at longer wavelength results from the existence
of material dispersion. At the longer wavelength, the detun-
ing of the signal lights from the cavity resonance grows to
exceed the linewidths of the modes. Limited by the range of
the DWDM, the bandwidth of the generated photon pairs is
within the range of 1535-1565 nm, which is supposed to be
broader [38] with the calculation result in the next section.

3 Phase matching technique

Such a broadband photon pair generation is guaranteed by the
natural phase-matching condition, which is assisted with the
birefringence and the azimuthal modulation on the nonlin-
ear effective index. The parametric process can be described
in the quantum representation to analyze the signal inten-
sity. To exhibit the mechanism of the broadband SPDC pro-
cess in our regime, the interaction Hamiltonian between the
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Figure 2 (Color online) (a) Spectrum of coincident counts presented by the
signal light side at different channels of a DWDM with the pump power at
46.5 uW. The numbers denote different mode families with different phase-
matching azimuthal modal number conditions Am. (b) The growth of signal
light intensity from different mode families along the azimuthal angle 6 of
the microresonator. (c) The oscillation of phase mismatching quantity Ak
along 6.
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pump light £, signal light £, and idler light £; is introduced
as [51,52]:
Hi(h) = & f X2 DEP e, nEC (e, nE7 (r,ndr + Hee.
14
ey

The continuous TM-polarized pump laser can be treated as
the plane-wave in the form of

EP(x,1) = Epe ™, (w)). )

The orthogonally polarized versatile signal and idler lights
can be treated as (g denotes the polarization):

E"Ef)(r’ 1= Z E:yqeiky.r—iw;taiq(wx)’ 3)
Ky.q

EOw,n =) Ef el (wy), “
Ki.q

where E,, E,, and E;, are the quantized coefficients repre-
sented by E; = i+/hw;/(4Tegcn;), j = p, s,1. ay(wy), &I,q(a)x)
and &iq(wi) are the annihilation and creation operators of the
pump, signal and idler lights, respectively. Moreover, in the
weak signal approximation of the SPDC process, the state of
the system can be represented by

) =tae)+ 5 [ " Hy(r) Ivac) dr. 5)

Then, substituting eq. (1) to eq. (5), the intensity of the sig-
nal can be obtained in the cylindrical coordinates under the
conservation of energy.

P=>"%4 f f f ap(wp)al (woa] (W)

ks,q kinq
P (O)e*EIRG drdodz, (6)

It is clear that the generation intensity of the signal is com-
posed of the overlap integral of electric fields intensity and
the accumulation of phase difference. Specifically, the sec-
ond order nonlinear coefficient y® can be subjected to an
effective nonlinear coefficient with a fixed choice of the in-
volved light polarization. In our system, it goes with deg =
—dy, cos @ + dj; sinf for two TM-polarized lights and one
TE-polarized light participation. To elucidate the experimen-
tal results, a numerical simulation is employed in the Com-
sol Multiphysics with a model that has the same geometrical
scale with the microdisk used in the experiment. Naturally,
the refractive indice of TE-polarized light experiences an os-
cillation along the azimuthal angle due to the birefringence

with ntg = 1/ 4Jcos? 0/n2 + sin® 6/n2, where n, and n. are
the ordinary and extraordinary refractive indices of LN [40].
Thus, the phase mismatching quantity Ak oscillates in the
same way. Meanwhile, the spatially modulated effective non-
linear coefficient d.g can be written in the form of a Fourier
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expansion with first order series, which leads to a phase com-
pensation term K. The concept of this natural phase matching
condition is based on the quasi-phase matching technique,
where the intersection points of the K and Ak stand for the re-
versal points of the total phase mismatching condition. This
concept is primitively explored as cyclical phase-matching
condition [53] and further improved in the theory. Consid-
ering the resonant condition of microdisk, the wave vector
satisfies n.gkR = m where m is the azimuthal modal num-
ber. Namely, the phase mismatching quantity can be denoted
as Am, and it characterizes the phase-matching conditions of
different mode families shown in Figure 2(a). The maximal
coincident counts originated from two fundamental modes at
the down conversion band as illustrated in Figure 1(c). In
this case, the azimuthal and radial modal numbers (m, q) are
(678, 12), (330, 1) and (349, 1) for the pump, signal and idler
light separately. Besides, other phase-matched mode fami-
lies for the signal and idler light have higher radial modal
numbers, for example, (326, 2) and (347, 2) in the case of
Am = -5. The growth of the signal intensity P around
a single loop integral is shown in Figure 2(b), and the in-
tensity varies with different cases of Am. It is obvious that
the output signal intensity is dependent on the overlap of the
modal fields as well as the phase mismatching quantity. Be-
sides, the intersection between Ak and K promises a persis-
tent accumulation of signal intensity beyond one loop. Such
a requirement also restricts the choice of Am in the range of
[-5, 5] partially shown in Figure 2(c). It should be noted that
the resolution window of DWDM empirically contains mul-
tiple modes of the microdisk, thus the identification of mode
families in Figure 2(a) is a bit rough. The phase matching
window can be estimated by the comparison of the modal
frequency mismatching Af = f; + f; — f, and the modal
linewidth (approximately 0.3 GHz) for the enhancement by
double-resonance. As a simulation result, the resonant con-
dition is fulfilled for the mode family A, at 1552-1647 nm
band with the appearance of dispersion, resulting in a nearly
200 nm photon pair generation bandwidth in theory. Never-
theless, the dynamical tuning from the fiber-resonator cou-
pling and the nonlinear process like thermal and photorefrac-
tive effect [54, 55] deviates the modes from the calculated
eigenmodes, which narrows down the phase matching win-
dow in experiment.

4 Quantum characterization

To characterize the quantum source, we record the collective
PGR and CAR free of DWDM filtering and the results are
shown in Figure 3. Considering the lifetime of photons in the
applied resonator is around 200 ps, the coincident window
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is set to be 0.8 ns to cover the coincident event. Typically,
the PGR is calculated as PGR = N;N,/Ni,, where Ny, N,
and Nj, are the counts for single detector and coincidence,
respectively [56]. The power dependent curves of PGR and
CAR are measured several times with different ranges of the
input power. With the raise of the input power, the PGR
tends to grow when the CAR falls, yielding a 1.81 MHz/uW
PGR and up to 804 CAR. It is well acknowledged that this
crossing relation of PGR and CAR results from the increase
in multi-pair generation with the increase of input power.
Moreover, the maximal efficiency of the SPDC is fitted as
5.13 MHz/uW in the narrow-range power tuning measure-
ment.

Furthermore, we testify the single photon purity by mea-
suring the HSPC function under a Hanbury Brown and
Twiss experiment. The measurement is conducted under
the condition that the corresponding DWDM channels pos-
sess the highest coincident counts with a collective PGR =
70.2 MHz. After the two-photon signal is input to the
DWDM, the signal is output from two channels, one of which
is directly connected to the TCSPC, and the other channel is
split into two channels by a fiber BS and then connected to
the TCSPC. The correlation function is gathered by gg)(‘r) =
Nis,s,Ni/Nis, Nis,, where N; is the counts of idler photons,
Nis,, Nis, and Ny, are the coincident counts between two-
path and three-path, respectively. 7 is the delay time of the
electronic trigger pulses from one detector for signal photons
with respect to the idler photons. For quantum on-chip opera-
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Figure 3  (Color online) Power dependence of PGR and CAR in a wide
input power range measurement. Inset: maximal PGR reached in a narrow
input power range measurement. The coincident counts are measured under
the 85% efficiency of SNSPD and dark count rate below 100 Hz. The error
bar is calculated by VN.
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tions, we need to use photons from different channels, so we
care more about the overall brightness of the quantum light
source than the brightness of a certain channel, which is why
we choose to calculate PGR in this way. As illustrated in Fig-
ure 4(a), the shape of g(;) forms an anti-bunching dip with
an impressively low g\7(0) = 0.0098 + 0.0021, indicating
an excellent single photon quality as an ultrabright quantum
source.

Besides, the energy-time entanglement analysis is exhib-
ited with the aid of a common unbalanced Michelson inter-
ferometer (UMI) with a 1.6 ns time difference. The mea-
surement optical path is about the same as the experimen-
tal setup shown in Figure 1(a), the only difference is adding
a UMI before the DWDM. The two-photon state is mod-
ulated in time, and three coincidence peaks are displayed
in the TCSPC system with a time window of 0.8 ns. By
post-selection of the central peak of the coincident counts
with a proper time window, the state after post-selection is
|D) = %QS S) + e%¢|LLY), where the first and second terms
denote both signal and idler photons passing through the
short (S) and long (L) arms of the UMI, and ¢ is the phase
difference introduced by UMI. The two-photon interference
fringe is given in Figure 4(b), where a comparison between
classical and quantum behaviors is also exhibited. Compared
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Figure 4  (Color online) (a) Single photon purity verification for HSPC

function gg)(r). Integral time: 1 h. (b) Two-photon energy-time entangle-
ment measurement. Comparison between quantum and classical interference
behaviors. Integral time: 120 s.
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with classic coherent light from laser, it is clear that the inter-
ference period of classical light doubles that of quantum en-
tangled light. Finally, the interference visibility is estimated
as 96.5% + 2.0% for the entangled state.

S Summary

Disk-shaped microresonators naturally support abundant
mode families, which is an appropriate platform to accom-
plish broadband source generation through natural phase-
matching condition. Besides, the considerable quality factor
of this microdisk ensures a concise and robust system to ful-
fill resonant condition with broad bandwidth as well as high
efficiency. As a result, a remarkable PGR at 5.13 MHz/uW
and a spectral bandwidth over 30 nm limited by the DWDM
are experimentally demonstrated. This is an excellent candi-
date for multi-channel frequency-encoded quantum compu-
tation and quantum communication processes. To our knowl-
edge, the experimental configuration we present is unique
in achieving ultra-high brightness and considerably broad
bandwidth simultaneously, and the bandwidth can be fur-
ther broadened towards the theoretical value of 200 nm with
the promotion of the filtering devices. Meanwhile, due to
the group velocity mismatching between different materials,
the coupling efficiency of fiber-resonator system for cross-
band coupling can be further optimized. Future designs
including chaos-assisted broadband coupling [57] and inte-
grated waveguide coupling may resolve this obstacle. More-
over, a multi-photon source can be promisingly acquired by
switching the pump laser from a continuous wave to a pulsed
one [12]. In conclusion, the combination of the multiplex-
ing application and great brightness, together with the break-
through of the micron-scale footprint makes our entangled
photon source set a bright future for the integration of quan-
tum networks.
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