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Abstract

Multiphoton quantum states play a critical role in emerging quantum technologies and greatly improve our
fundamental understanding of the quantum world. Integrated photonics is well recognized as an attractive
technology offering great promise for the generation of photonic quantum states with high-brightness, tunability,
stability, and scalability. Herein, we demonstrate the generation of multiphoton quantum states using a single-silicon
nanophotonic waveguide. The detected four-photon rate reaches 0.34 Hz even with a low-pump power of 600 uW.
This multiphoton quantum state is also qualified with multiphoton quantum interference, as well as quantum state
tomography. For the generated four-photon states, the quantum interference visibilities are greater than 95%, and the
fidelity is 0.78 + 0.02. Furthermore, such a multiphoton quantum source is fully compatible with the on-chip processes
of quantum manipulation, as well as quantum detection, which is helpful for the realization of large-scale quantum
photonic integrated circuits (QPICs) and shows great potential for research in the area of multiphoton quantum

science.

Introduction

Multiphoton quantum sources are critical resources’
for quantum communication?, computation®*, simula-
tion®, and metrology®. Great efforts have been made for
the realization of high-quality, bright, and scalable mul-
tiphoton quantum states to enable powerful imple-
mentations of quantum technologies. One of the
promising methods to generate multiphoton quantum
sources is to multiplex several biphoton sources with the
assistance of postselections7’9. On the other hand, the
efficiency of the multiplexing process decreases expo-
nentially with the number of entangled photons; thus, it is
essential to achieve bright biphoton sources with high
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fidelity’. In comparison with free-space optics, integrated
photonics has been recognized as a preferred platform for
realizing quantum photon-pair sources'®™"’, regarding
the compatibility with chip-based processes of quantum
manipulation and detection'® 2!, Furthermore, the strong
mode confinement in optical waveguides and the filed
enhancement in high-Q optical cavities can greatly
enhance the nonlinear optical interactions, so that it is
possible to efficiently achieve on-chip multiphoton
quantum sources. For example, chip-based multiple
indistinguishable heralded single-photon source prepara-
tion*>** and the generation of multiphoton quantum state
with time-bin encoding* have been reported.

In various platforms for quantum photonic integrated
circuits (QPICs), silicon-on-insulator (SOI) technology
has been considered to be one of the most promising
options for realizing high-quality photon-pair sources
because of its unique advantages. First, silicon has high
third-order optical nonlinearity, which is at least one
order of magnitude greater than that of glass. Second, an
SOI nanophotonic waveguide has an ultrahigh refraction
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index contrast, which enables very strong nonlinear
interactions as desired. Third, silicon photonics has
complementary metal-oxide—semiconductor compat-
ibility, which is very attractive for large-scale photonic
integration®. With these advantages, high-quality silicon-
based on-chip biphoton quantum sources can be realized
(see Supplementary Table S1) and further used for
quantum information processingslo’%_gz. However, gen-
eration of multiphoton quantum states on silicon has not
yet been seriously considered or reported.

In this paper, we demonstrate the generation of four-
photon polarization-encoding quantum states via the
degenerated spontaneous four-wave mixing (SFWM)
process in a silicon spiral waveguide. Herein, we first
demonstrate the biphoton Bell entangled quantum states
with high brightness (270 kHz) with a high coincidence to
accidental ratio (CAR) (~230) at a low-pump power
(120 uW). The four-photon quantum state is then realized
through the tensor product of two biphoton Bell entan-
gled states. The detected four-photon rate achieves
0.34 Hz even with a pump power as low as 600 W, while
the multiphoton quantum interference visibilities are
greater than 95%, and the fidelity is 0.78 + 0.02. This four-
photon tensor-product state could be projected to be a
Greenberger—Horne—Zeilinger (GHZ) state with 50%
probability and further be used in quantum information
applications™>.

Results
Experimental setup

Figure 1 shows the experimental setup for generating
multiphoton quantum states with a silicon spiral wave-
guide. There are three parts included, i.e., the pump-laser
modulator, the photon source, and the state analyzer. In
the pump-laser modulator, a linearly polarized pulse
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erbium-doped fiber laser was introduced as the pump
source, and had a repetition frequency of 100 MHz and a
pulse duration time of 90 fs. A variable optical attenuator
was used to precisely modulate the pump power. Then,
the pump light went through a 100 GHz bandwidth pre-
filter, a polarization controller (PC), an optical circulator
and was finally coupled into the part of the photon source
with horizontal (H) polarization by controlling the PC.
Here, the coherence time of the pulse laser light was 20 ps
after going through this 100 GHz prefilter. In the part of
the photon source, we used the configuration with a
Sagnac interferometer, which is a popular and self-
stabilized scheme for generating polarization-entangled
states'”. The Sagnac interferometer consists of two half-
wave plates (HWPs), two quarter-wave plates (QWPs), a
polarization beam splitter (PBS), and an ~1 cm-long sili-
con spiral waveguide with a simple structure as well as a
compact footprint (~170 x 170 um?). Before entering the
Sagnac interferometer in the part of the photon source,
the pump light was modulated to 45° linear polarization
[i.e., 50% horizontal (H) and 50% vertical (V)] by adjusting
the HWP carefully. This pump light was then split into
the clockwise (H polarization) and counterclockwise
directions (V-polarization) by a PBS. The HWP and QWP
in the Sagnac loop were carefully controlled so that the
polarization states of the clockwise and counterclockwise
pump pulses were both aligned to the horizontal axis (TE
polarization) in the silicon waveguide. In this way, there
was only the TE polarization mode propagating along the
silicon spiral waveguide on the chip, and no polarization
rotation occurred in the light propagation along the sili-
con spiral waveguides according to the three-dimensional
finite-difference time-domain simulation. For the silicon
spiral waveguide used here, the propagation loss was
approximately 1dB/cm while the cross section was
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Fig. 1 Schematic configuration of our system for the generation and characterization of the multiphoton quantum state with a silicon
nanophotonic waveguide. A pulse erbium-doped fiber laser with a repetition rate of 100 MHz was used as the pump light. After a VOA and a
prefilter with a bandwidth of 100 GHz, the pump light was input into a Sagnac loop to generate the polarization-encoding quantum state. A
postfilter with a bandwidth of 200 GHz was used to block the pump light. A DWDM filter was used to demultiplex photon pairs into the
corresponding frequency channels, and a normal architecture for polarization state tomography was used to ascertain the quality of the entangled
states. VOA variable optical attenuator, HWP half waveplate, PBS polarization beam splitter, QWP quarter waveplate, PC polarization controller, SNSPD
superconducting nanowire single-photon detector
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carefully designed and precisely fabricated to be ~450 x
220 nm” so that near-zero dispersion was achieved in the
wavelength band at approximately 1550 nm. Compared
with the current multiphoton quantum state results
generated with the SFWM process”’g?’ , our silicon
nanowire source has a broadband near-zero dispersion
(see details in Supplementary Fig. S1) and does not have
Raman-scattering noise because of the large Raman-
scattering frequency shift and the narrow Raman-
scattering peak in the silicon®®. This greatly helps obtain
a broadband and uniform SFWM gain spectrum (see
details in Supplementary Fig. S1) and, thus, greatly
increases the number of photon pairs generated. In
addition, with the use of silicon spiral waveguides, one
does not need to tune the operation wavelength, which is
totally different from the case of wusing micro-
resonators>**®, Furthermore, this waveguide source has a
continuous broadband spectrum and short coherence
time, which is useful for high-density quantum-key-
distribution systems and may enable potential applica-
tions in quantum-clock synchronization®®. In the present
case, the clockwise and counterclockwise SFWM pro-
cesses of TE, + TE, — > TE;+ TE; in the silicon spiral
waveguide will occur, where TE, is the pump photon in
TE polarization and TEg is the signal (idler) photon in
TE polarization. These on-chip generated photon pairs in
clockwise and counterclockwise directions will further be
converted to the states of |V;V;) and |HH;), respectively,
using the QWP and HWP in the Sagnac loop. Finally, the
photon pairs from both directions superpose together by
the PBS and output from the Sagnac loop. The biphoton
quantum state at the output port of the Sagnac loop is
then expressed as follows:

1
Ve

where |V;V;) and |HH;) are, respectively, the biphoton
states generated in the clockwise and counterclockwise
directions after the PBS, 7 is the ratio of the V and H
polarization pump powers, and ¢ is the phase difference
depending on the birefringence experienced by the signal
and idler photons in HH and VV states. Here, the bire-
fringence is from the other components (except the sili-
con chip) in the setup since only the TE polarization state
is involved on the chip. Grating couplers were used to
couple-in the pump light and to couple-out the generated
photon pairs. The combination of the HWP and QWP
inserted between the PBS and the chip was used to con-
trol the optical polarization to maximize the grating
coupling efficiency.

Finally, the generated signal and idler photons in the
Sagnac loop were output from the circulator port and
were then postselected by the part of the state analyzer, as
shown in Fig. 1. In this part, a postfilter with a bandwidth of

) = (|HsH:) + ne®|ViVi)) (1)
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200 GHz was introduced to block the pump-laser. Then, a
40-channel dense wavelength-division-multiplexing
(DWDM) filter with a channel spacing of 100 GHz was
introduced to separate the signal and idler photons whose
frequencies are equally separated from the central fre-
quency of the pump light. In this way, photon pairs of any
combined frequency channels can be selected freely with a
broad frequency detuning of about 2 THz from the cen-
tral pump frequency. The polarization and quantum
states of the photon-pairs were unchanged after going
through the DWDM filter. Then, the quantum states
based on the polarization encoding of the bi- and multi-
photons were characterized by the combination of some
optical elements and detected by superconducting nano-
wire single-photon detectors (SCONTEL, the dark count
rate DCR =100 Hz and the detector efficiency 74 = 85%
in the C band).

Biphoton state

As the first step, the quality of the generated biphoton
state was characterized experimentally. Here, the optical
pump power was selected to be 120 uyW. When the pump
light is injected to the Sagnac loop with single direction,
the time-correlated photon pairs are generated. Since the
photon pairs are frequency multiplexed and generated
over all DWDM frequency channels'?, we selected five
pairs of frequency channels for the signal and idler pho-
tons to ascertain the effectiveness and stability of our
system (Supplementary Table S2). The two-photon coin-
cidences between different combinations of signal and
idler channels were measured (Supplementary Fig. S2),
and the experimental results showed that the crosstalk is
negligible for most frequency channels except some adja-
cent ones (see details in Supplementary).

By carefully modulating the pump power splitting ratio
and the phase difference of the H and V polarizations, we
obtained the maximal polarization-entangled Bell state as
follows:

1

V2

To characterize the degree of entanglement, the com-
binations of QWP, HWP, and PBS after the DWDM filter
were used to measure the biphoton interference and to
constitute a normal polarization state tomography archi-
tecture®®, The twofold coincidence was recorded by set-
ting the angle of the HWP for the signal channel to 0° or
45° and by modulating the angle of the HWP for the idler
channel. The coincidence rate is expected to be propor-
tional to 1 + Vsin[27(¢p—epc)/T] *°, where V is the fringe
visibility, ¢, is the initial phase, and 7 is the oscillation
period. The fringe visibility is defined as V= (dyax —
Amin)/ (@max + dmin), Where dy;, and d,.x are respectively
the minimum and maximum of the fitted data. Here, we

|®) (IHsH;) + [ VsVi)) (2)
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Fig. 2 Characterization of biphoton polarization-entangled states. a and b are twofold coincidences as a function of the idler polarizer angle
when the signal polarizer angle was kept at 0° (red) and 45° (black), respectively. The error bar was obtained from the square root of the experimental
data. c and d give the real (Re) and imaginary (Im) parts of the ideal density matrix and the measured density matrix of the biphoton entangled state
from frequency channels +5, respectively. The fidelity was 0.95 + 0.01, confirming that the generated biphoton quantum state was high quality and

take the signal-idler channels +5 as an example. The
obtained biphoton interference fringes are shown in
Fig. 2a, b. Thanks to the high stability and low noise of the
whole system, the achieved raw visibilities in the 0° (solid
red line) and 45° (solid black line) bases were 96.1 + 3.2%
and 93.0 + 3.2%, respectively, which are much greater than
70.7%. This result confirms the existence of entanglement
and high fidelity of the biphoton state®. In this case, the
generation rate of the polarization-entangled photon pair
is approximately 270 kHz per channel with a pump power
of 120 W, ie., 0.0027 photon pairs per pulse (see
Methods). We obtained an average CAR of approximately
230, which is owing to the ultralow nonlinear noise and
the low dark count rate. Such a high CAR leads to a high-
raw fidelity for the biphoton source, which is needed to
generate the multiphoton entanglement and for further
applications of quantum information.

To give a comprehensive characterization, quantum
state tomography’’ was also used. In this way, one can
reconstruct the experimental state density matrix by
making multiple measurements on identical copies of the
relevant quantum state. First, the biphoton quantum state
tomography was characterized for signal-idler channels
15. There are 16 combinations at the measurement basis

{H,V,D,R}** acquired to reconstruct the state density

matrix, where |H) = (é) V) = <(1)> 1) :%ﬁG)

and |R) = L 1 . Here, the maximum likelihood esti-
V2 \ i

mation method was used to reconstruct the density
matrix. Figure 2c shows the ideal density matrix p,,,, of
the maximally entangled states (see Eq. (2)) and Fig. 2d
shows the measured density matrix p,,,, of the output
states. Raw data are used here without subtracting any
background or accidental count. The estimated raw
fidelity is as high as 0.95 + 0.01 according to the definition
F=Tr(p,seaPideas)» Where Tr is the trace. This confirms
that the generated biphoton quantum states are of high
quality and approach to the ideal maximally entangled
states. The error of the fidelity was estimated using 100
Monte Carlo calculations with the Gaussian random data
generated from the experimental results. The deviation of
the fidelity from unity was mainly due to the nonideal
angle rotation of the waveplates. To achieve a high fidelity
of greater than 0.9, one should align the wave plate very
carefully to minimize the angle error to be less than 2° in
the experiment (see the details in Supplementary Fig. S3).
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It is worth pointing out that the entanglement exists in
any signal-idler channels that fulfill the energy conversa-
tion condition. For example, we also performed the
biphoton quantum state tomography for signal-idler
channels +1 and +3, and their raw fidelities were 0.94 +
0.01 and 0.97 £ 0.01, respectively (Supplementary Fig. S4).

Four-photon state

Since the SFWM spectrum is continuous and the
entangled biphoton states were selected by the DWDM
filter, multiphoton entangled states can be conveniently
generated by multiplexing the biphoton states in different
frequency channels (see Supplementary for more details).
The multiphoton quantum state generated with our sys-
tem is expressed as follows:

1

|(D2n> = J2n

(|HaHa) 4+ |VaVa)) ® - - - @ (|HguHin) + | Ven Vin)) (3)

For example, four-photon quantum states can be
obtained by selecting two pairs of signal-idler channels
(e.g., £1 and +5) with biphoton entangled states given by
the following:

1

|D;) = 7

([HaHi) + [V Vi) (4)

and
1

V2

respectively. Correspondingly, the obtained four-photon
quantum state is given by the following:

|®5) = —=(|HssHis) + | Vis Vis)) (5)

|o*) = %(‘HslHi1> +|Va Vi) @ (|HsHis) + | Vis Viis))- (6)

In our experiment, we obtained a fourfold coincidence
rate of 0.34 Hz when the pump power was 600 uW. This
result corresponds to a generation rate of 340 kHz as the
system and the detection loss was ~15 dB in our case (see
Methods). To qualify the quantum state, four-photon
quantum interference fringes were measured. Here, the
angle of the HWPs for the two signal channels was set as
0° or 45°, while the angle of the HWPs for the two idler
channels was modulated from 0° to 180° simultaneously to
obtain the interference pattern. Because this four-photon
state is the tensor product of two biphoton entangled Bell
states, the fourfold coincidence rate is proportional to
(1 +sin[27(¢p—¢c)/T))* in theory. The four-photon
interference patterns measured in this experiment are
shown in Fig. 3a, b, respectively. The interference pattern
of four-photon states is observed to be in accordance with
the theoretical prediction and unfold totally different from
the biphoton entangled states. The raw visibilities in the 0°
(red) and 45° (black) bases were 96.5 + 1.5% and 99.1 +
3.2%, respectively. Such a clear interference pattern and
high interference visibilities verify that the technique for

Page 5 of 7

constituting on-chip multiphoton quantum states is fea-
sible by multiplexing multiple biphoton entangled Bell
states in a silicon nanophotonic waveguide.

For the quantum state tomography of the four-photon
quantum states, there were 256 data of the measurement
bases {H,V,D, R}®4 obtained to reconstruct the state
density matrix. Figure 3c shows the ideal density matrix of
the maximally entangled states (Eq. (6)), and Fig. 3d shows
the measured density matrix of the output states from
signal-idler channels +1 and +5. The fidelity obtained was
0.78 £0.02 without subtracting the background and
accidental counts. This fidelity is much greater than that
(~0.64) realized recently with an integrated optical
microcavity on glass®* and is fully satisfactory for further
quantum information applications.

Discussion

The multiphoton quantum source demonstrated here
has several advantages compared to that in free space.
First, the brightness could be very high even with a low-
pump power. Our system still has room for further
improvement of the collection efficiency, e.g., the effi-
ciency of the chip-fiber coupling and the postfiltering. For
example, assuming that the collection efficiency in each
channel is improved to 70% (similar to that in free space®),
the fourfold detected coincidence increases to 42.5 kHz,
which is almost one order of magnitude greater than that
of free-space four-photon sources’ with a pump power of
only hundreds of microwatts. As a key component of the
collection efficiency, the efficiency of the single grating
coupler used in this work is about —5dB, which, for-
tunately, can be improved to, e.g., —0.9 dB by introducing
a special grating design®®. This improvement makes a
high collection efficiency truly achievable and, thus, offers
an opportunity to achieve photonic sources even with
10-10? photons. Furthermore, the present multiphoton
quantum source is fully compatible with the on-chip
processes of quantum manipulation®® as well as quantum
detection, which greatly helps constitute large-scale
QPICs in the future.

Since the multiphoton source is in the frequency
encoding, the single-photon frequency shifting®® and the
construction of high-fidelity, frequency-based quantum
gates*"* can be obtained for high-dimensional quantum
information processing. Thus, the present multiphoton
source potentially provides an indispensable block for
frequency-based quantum information processing.
Moreover, one can convert the multiphoton quantum
state realized here (Eq. (3)) to the GHZ state through post
operation and selection®’. Our polarization-encoding
multiphoton source can also be generalized easily to
other degrees of freedom. For example, multiphoton
time-bin quantum states can be realized by substituting
the Sagnac loop with unbalanced interferometers.
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Fig. 3 Characterization of four-photon polarization-encoding quantum states. a and b are fourfold coincidences as a function of the idler
polarizer angles when the signal polarizer angles were kept at 0° (red) and 45° (black), respectively. The error bar was obtained from the square root of
the experimental data. ¢ and d give the real (Re) and imaginary (Im) parts of the ideal density matrix and the measured density matrix of the four-
photon quantum states, respectively. The fidelity was 0.78 + 0.02, which is completely satisfactory for further quantum information processing

In conclusion, we have experimentally demonstrated
the generation of four-photon quantum states with a
silicon nanophotonic spiral waveguide. The number of the
entangled photons can be increased further with the
present system when the collection efficiency is improved.
Our multiphoton quantum state source is compatible
with contemporary fiber and chip-scale architectures,
which makes it very attractive as a scalable and practical
platform for future quantum information processing.

Materials and methods
System efficiency

The efficiencies in all parts in our system are ascertained
as follows. The propagation loss of the silicon nanopho-
tonic waveguides and the coupling loss of the grating
couplers were estimated using a cut-back method, which
has been used very popularly. Here, we measured the
transmissions for short straight waveguides as well as the
spiral waveguides on the same chip. The propagation loss
and the coupling loss can easily be extracted by linearly
fitting the data of the total loss as the waveguide length
varies. In the present case, the propagation loss of the
silicon spiral waveguide was approximately 1 dB/cm, and
the coupling loss for a single grating coupler was
approximately 5 dB. The off-chip optical elements in the

parts of the photon source as well as the state analyzer
had a total loss of 10.3 dB, including a loss of 6 dB from
the postfilter and the DWDM filter. For the detectors the
efficiency is approximately 85% (—0.7 dB). Therefore, the
total losses were ~16dB and ~15dB for the two-photon
and four-photon state measurements, respectively.

Optical apparatus

We used a pulsed erbium-doped fiber laser whose
repetition rate is 100 MHz to generate the pump light.
After filtering, the pump light was amplified by an
erbium-doped fiber amplifier and filtered again before
entering the part of the photon source. For the fiber-chip
coupling, the angle of the fiber was set to 10°. Two cas-
caded off-chip post filters with an extinction ratio of
100dB were used to remove the pump photons. A
DWDM filter, which was used to separate the signal and
idler photons, has an extinction ratio of ~30 dB for adja-
cent channels and ~50 dB for nonadjacent ones. By using
superconducting nanowire single-photon detectors, the
coincidence detection were recorded, and the electrical
pulses were analyzed by a time-correlated single-photon
counting system. The coincidence window was set to
0.8 ns for the two-photon state measurements. For the
measurements of the four-photon entangled state, the
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electrical signals were analyzed by UQD-Logic and the
coincidence window was set to 1 ns.
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