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Integrated optics provides a versatile platform for quantum 
information processing and transceiving with photons1–8. The 
implementation of quantum protocols requires the capability 
to generate multiple high-quality single photons and process 
photons with multiple high-fidelity operators9–11. However, 
previous experimental demonstrations were faced by major 
challenges in realizing sufficiently high-quality multi-photon 
sources and multi-qubit operators in a single integrated sys-
tem4–8, and fully chip-based implementations of multi-qubit 
quantum tasks remain a significant challenge1–3. Here, we 
report the demonstration of chip-to-chip quantum teleporta-
tion and genuine multipartite entanglement, the core function-
alities in quantum technologies, on silicon-photonic circuitry. 
Four single photons with high purity and indistinguishablity 
are produced in an array of microresonator sources, without 
requiring any spectral filtering. Up to four qubits are pro-
cessed in a reprogrammable linear-optic quantum circuit 
that facilitates Bell projection and fusion operation. The gen-
eration, processing, transceiving and measurement of multi-
photon multi-qubit states are all achieved in micrometre-scale 
silicon chips, fabricated by the complementary metal–oxide–
semiconductor process. Our work lays the groundwork for 
large-scale integrated photonic quantum technologies for 
communications and computations.

Entanglement and teleportation form the backbone of quantum 
technologies9–14. Photons are unique in their ability to transmit 
quantum information over long distances and process quantum 
information with the low noise, positioning entanglement and 
teleportation of photonic qubits that are at the heart of quantum 
communications, quantum networks and quantum computa-
tions. For example, quantum communication networks15—where 
small-scale quantum processors are coherently connected via 
quantum channels—are based on the long-range distribution 
of multi-photon entangled states and the teleportation of qubit 
states12,13. In the Knill–Laflamme–Milburn optical quantum com-
puting scheme9, teleportation of non-deterministic entangling 
gates allows an efficient improvement of the success probability14. 

Measurement-based quantum computing models, which are more 
resource-efficient for optical quantum computing10, are fully based 
on cluster entangled states and the teleportation of logical opera-
tions between qubit sites.

Integrated photonics provides a versatile platform for quantum 
information processing and communications16. Previous demon-
strations have shown the integration of two-photon sources and 
circuits6, as well as precise control of photonic states3. However, the 
difficulties in realizing high-performance multi-photon sources 
and multi-qubit operators present major challenges in imple-
menting advanced quantum tasks. Here, by developing state-of-
the-art multi-photon multi-qubit quantum devices in silicon, we 
demonstrate the chip-to-chip quantum teleportation of arbitrary 
single-qubit states and the generation of four-photon four-qubit 
Greenberger–Horne–Zeilinger (GHZ) genuine entangled states.

In silicon, single photons can be generated in centimetre-length 
waveguides via the spontaneous four-wave mixing (SFWM) pro-
cess6–8. However, the produced photon pairs are highly correlated in 
frequency17, and improving their spectral purity requires narrow-
band spectral filtering, causing a significant reduction of photon 
rates and heralding efficiency. The waveguide sources thus present 
fundamental challenges in scaling up to multi-photon implementa-
tions7,8,18. Instead, microring resonators (MRRs) have been proposed 
for the generation of single photons with high spectral purity19 as 
well as high heralding efficiency by removing the requirement for 
a spectral filtering process20. Although MRRs have been adopted 
to produce two-photon4,21 and multi-photon states5,22, they have 
not yet been used to demonstrate single photons with a high level 
of purity, indistinguishablity and heralding efficiency. In addition, 
when using waveguide sources, photons are generated uniformly in 
the sources and also circuits6–8, which induces noise in the quantum 
operations. Locally enhancing the SFWM using MRRs can greatly 
suppress the noise outside the MRRs by allowing the use of weak 
pump light. In this work, we realize an array of MRRs to generate 
multiple high-quality single photons, which are monolithically inte-
grated with linear-optic circuits that process multiple qubits with 
high fidelity and low noise.
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Photonic qubit–qubit interactions are based on quantum inter-
ference and success of measurement9. This has enabled demonstra-
tions of controlled-Z operation1 and single-chip teleportation2 on a 
silica platform. However, full integration of multi-photon sources 
and multi-qubit operators in this system remains a major challenge. 
Our chip-to-chip teleportation was realized between two separate 
silicon chips, and the measured state fidelities are among the highest 
reported so far11 due to the full integration of all necessary compo-
nents with high performance (Fig. 1a,b). Recently, a similar scheme 
for three-photon GHZ entanglement has been theoretically pro-
posed using MRRs and circuits, although its further scaling ability 
may be challenging23. In our device (Fig. 1a), four-photon four-qubit 
GHZ genuine states were generated and certified, and can be fur-
ther scaled up to a larger system. Figure 1 presents the multi-photon 
multi-qubit devices, fabricated on a silicon-on-insulator platform. 
The Si MRR sources array (scanning electron microscopy (SEM) 
image in Fig. 1c) can produce two pairs of signal (λs) and idler (λi) 
photons via SFWM. Four dual-rail qubits are encoded in the four 
generated photons. Each qubit is represented in the logical basis 
{ ∣ ⟩0 k, ∣ ⟩1 k} ( =k 1, 2, 3, 4) and can be prepared (P̂) and measured (M̂) 
by a network of Mach–Zehnder interferometers (MZI) and phase-
shifters. Another key component is the reprogrammable two-qubit 
operator (Ô), which can entangle two qubits (previously never inter-
acted) in two different manners: Bell projection and fusion opera-
tion. The MRR sources, qubit generator, entangling operator and 
qubit analyser are all individually controllable and fully programma-
ble. To preserve coherent teleportation between the transmitter and 
receiver chips, we exploit a polarization-path conversion technique 
relying on two-dimensional (2D) subwavelength grating couplers 
(SGCs; Fig. 1d). The chips are coupled to optical fibres via an array of 
1D SGCs24 (Fig. 1d), and photons are then detected off-chip by eight 
superconducting single-photon detectors (~0.85 efficiency). Details 
on the device and set-up are provided in Supplementary Section 1.

As shown in Fig. 2b, the generated two-photon rate is enhanced 
by a factor of ~43 when the MRR is on versus off resonance. For 
each MRR, a raw rate of ~20 kcts s−1 at a coincidences-to-accidentals 
ratio of ~50 was detected, using a pump laser with 15 ps pulse width 
and 500 MHz repetition rate at 800 μW power. Because the MRR 

sources only require a weak pump, negligible photons are created in 
the surrounding waveguides and circuits, greatly suppressing noise 
there. We also measured the photon number purity of the single 
photons by performing the Hanbury–Brown–Twiss measurement 
of photons to obtain the heralded second-order correlation g (2)(0). 
At the same power, we observed g (2)(0) = 0.05, corresponding to 
95% photon number purity (Fig. 2c). A high heralding efficiency of 
~50% after the resonators was measured.

The four MRRs are designed to be identical. The high-yield fabri-
cation enables nearly identical free spectral ranges (FSRs ≈ 400 GHz, 
Fig. 2a) and high spectral overlap at resonances (Supplementary 
Fig. 5). Each MRR can be individually tuned and frequency-locked 
(Supplementary Section 2), ensuring photon wavefunctions that are 
highly overlapped in the spectral mode. The photon indistinguish-
ability is estimated by the visibility of heralded two-photon quantum 
interference. We interfere two signal photons on a MZI (heralding 
two idler photons), which are emitted from two independent MRRs. 
Figure 2e reports a quantum interference fringe with multi-pair cor-
rected visibility of 90.99 ± 3.91%, which agrees within error to the 
fundamental limit of 92% spectral purity for our MRR design. The 
asymmetric modulation in the fringe is due to the use of imperfect 
beamsplitters22 (see discussions in Supplementary Section 2). Figure 2d  
presents the raw uncorrected visibility as a function of the mean pho-
ton number per pulse (n), which shows ~84% raw visibility at n = 0.05, 
for example. Figure 2f shows the pairwise indistinguishability of the 
four MRR sources, with a mean raw visibility of . ± .71 9 2 4% in a 
high pumping configuration, which, if multi-pair corrected, reaches 

. ± .87 3 1 9 mean visibility. Remarkably, in all of our indistinguishabil-
ity measurements, we have not used any spectral filtering process to 
improve the spectral purity. The MRR sources demonstrate signifi-
cantly better performance compared with the waveguide sources (for 
a quantitative analysis see Supplementary Section 2).

The MRR source array is programmed to create either entangled 
or separable bipartite states by controlling the pump excitation in 
the MRRs and reconfiguring asymmetric MZIs. When the operator 
Ô  between qubits 2,3 is turned off (Fig. 3a) the original bipartite 

states from the MRR array are measured. We implement quan-
tum state tomography (QST) to reconstruct the density matrix ρ.  
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M̂ÔP̂R̂

10 µm 440 nm5 µm

∣TE〉

∣H〉

∣V〉

Fibre
(10 m)

Primary device – transmitter (5 mm × 3 mm) Receiver (3.5 mm × 1.5 mm)

Entangled/
separable

a

b

c d

Fig. 1 | Microresonator-enhanced multi-photon multi-qubit quantum devices in silicon. a, Schematic for the multi-qubit entanglement generator, or the 
teleportation transmitter. It integrates a network of nonlinear multi-photon sources and linear-optic multi-qubit circuits. Two pairs of non-degenerate 
photons (red idler, blue signal) are generated in an array of four MRR single-photon sources. Small blue/red circles (photons) with coloured links 
indicate whether the two photons are entangled or separable. The MRRs allow high-count-rate, pure and indistinguishable photon generation while also 
suppressing background noise from all waveguides and linear circuits. A linear-optic quantum circuit (Ô) is programmed to work as a bosonic Bell operator 
and a fusion entangling operator on the two blue photons. The four photons are demultiplexed by asymmetric MZIs and routed via waveguide crossers ( ̂R).  
An array of MZIs and phase-shifters allow the preparation ( ̂P) and projective measurement (M̂) of multi-qubit states. Yellow parts indicate electronically 
controllable thermal-optic phase-shifters. b, Schematic for the teleportation receiver. The transmitter and receiver are coherently linked by a 10 m single-
mode fibre. The bottom idler qubits in the transmitter can be switched to implement either single-chip (via 1D SGCs) or chip-to-chip (via 2D SGCs) tasks. 
The receiver chip converts polarization-encoded qubits to the path, which are subsequently measured on the device. c,d, SEM images of an MRR single-
photon source coupled to a bus waveguide (red lines) (c) and a metasurface-assisted low-loss SGC with bonded aluminium reflectors (d). d, Top: 1D SGC 
for fibre-chip interface. Bottom: 2D SGC for path-polarization conversion. |TE〉 refers to the transverse electric state in waveguide, and |H〉 (|V〉) refers to 
the horizontal (vertical) state in optical fibre. Inset: Enlarged view of a metasurface cell. White arrows denote the polarized state of the photon.
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As examples, Fig. 3d,e shows the measured ρ for separable states 
∣ ⟩10 2,3 and ∣++⟩ 2,3 with fidelities of . ± .0 964 0 072 and . ± .0 966 0 024, 
respectively. The fidelity is defined as ψ ρ ψ= ⟨ ∣ ∣ ⟩F 0 0 , where ψ∣ ⟩0  
is the ideal state. We simultaneously prepared and measured two 
Bell pairs Φ∣ ⟩ +

1,2 and Φ∣ ⟩ +
3,4 from the four MRRs, with fidelities of 

. ± .0 917 0 002 and . ± .0 915 0 003, respectively.
We then exploit a single programmable circuit to implement 

two key multi-qubit operations in quantum applications, that is, 
entangling initially separable qubits and measuring qubits in the 
Bell basis. Figure 3b,c shows the diagrams for the bosonic Bell pro-
jector ÔBell and fusion operator Ôfusion that are devised for dual-rail 
qubits. We here study a case where the state ∣ ⟩ ⊗0 4 is initially pre-
pared, then ρ2,3 is processed with the herald of photons 1, 4. ÔBell is 
capable of distinguishing the Bell states Ψ∣ ⟩± from the others. We 
distinguish Ψ∣ ⟩ + when observing joint clicks in {D3, D4} or {D5, 
D6} (Fig. 3a,b). Ôfusion transmits ∣ ⟩0  and swaps the ∣ ⟩1  mode, and is 
able to fuse a two-qubit separable state into an entangled state when 
detecting only one photon in {D3, D4} and another in {D5, D6}  
(Fig. 3a,c). To verify these new on-chip building blocks, heralded 
quantum interference and Bell state generation are performed. 
Figure 3f reports the two-qubit ( ∣ ⟩10 2,3) interference, gradually 
rotating the qubit 2 around the σŷ axis. The observed . ± .80 5 3 2% 
visibility confirms high-quality interference of two bosons at  
ÔBell. Figure 3g shows the two-qubit (input ∣++⟩ 2,3) interference  
at Ôfusion, with . ± .85 8 4 4% visibility, when rotating the qubit 2 
around the σẑ axis. In general, performing ÔBell and Ôfusion enables 
the generation of entangled states, transforming the state ∣ ⟩10 2,3 
(Fig. 3d) to Ψ∣ ⟩ −

2,3 (Fig. 3h), and ∣++⟩ 2,3 (Fig. 3e) to Φ∣ ⟩ +
2,3 (Fig. 3i).  

We obtained an entangled state with fidelities of 0. ± .851 0 040 
and . ± .0 830 0 032, respectively. More details are provided in 
Supplementary Section 3.

In the teleportation protocol, an unknown quantum state can be 
transmitted to another location by locally collapsing the state and 

remotely reconstructing it11. This requires access to Bell states and 
Bell measurements. The single-chip teleportation experiment is ini-
tially implemented (Fig. 1a), in which we prepare an arbitrary sin-
gle-qubit state ψ∣ ⟩ 2 in photon 2 (‘B’) via a unitary P̂, and a Bell pair 
Φ∣ ⟩ +

3,4 in photon 3 (‘C’) and photon 4 (‘D’). Photon 1 (‘A’) is used as 
a trigger. The ÔBell measurement is performed at B and C, project-
ing the state into the Ψ∣ ⟩ +

2,3 basis. This process allows the telepor-
tation of B’s state ψ∣ ⟩ 2 to D up to a local rotation σx̂. We prepare 
six different ψ∣ ⟩ 2 states at B and reconstruct at D, obtaining ϕ∣ ⟩ 4. 
Full QST is implemented to reconstruct density matrices for the six 
ϕ∣ ⟩ 4 states (for experimental data see Supplementary Fig. 12). On 

a single chip, we obtained high-fidelity teleported states with mean 
= . ± .F 0 906 0 014.
We then implement the chip-to-chip teleportation. We ensure 

the preservation of coherent teleportation between two chips using 
the path-polarization conversion technique25. In our experiments, 
the Φ∣ ⟩ +

3,4 state is created on the transmitter (Fig. 1a), and qubit 4 
is distributed to the receiver chip (Fig. 1b) via a 10 m-long optical 
fibre. We remark that the states of the entangled channel after distri-
bution remain highly coherent with negligible degradation of fidel-
ity (for the full set of distributed entangled states see Supplementary 
Fig. 11). ÔBell is carried out on the transmitter. We implement tele-
portation of the six pure states, this time between the transmitter 
and receiver devices (for full data see Fig. 4a). The teleported states 
ϕ∣ ⟩ 4 are recovered on the receiver, and QST reports average fideli-

ties of = . ± .F 0 885 0 037.
Teleportation of entanglement (that is, entanglement swapping) 

is a protocol whereby the sets of entanglement, say {A, B} and {C, D},  
can be swapped11. This means that collapsing {B, C} onto a Bell 
state will result in the entanglement of {A, D}, which is unique in 
the sense that {A, D} are not required to have ever interacted with 
one another. Figure 4b shows the circuit for entanglement swap-
ping, where two Bell pairs Φ Φ∣ ⟩ ⊗ ∣ ⟩+ +

1,2 3,4 are created in the MRR  
array and ÔBell is performed on qubits 2, 3, projecting qubits 1, 4 
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Fig. 2 | Photon pair generation in an array of microresonator nonlinear sources. a, The measured transmission spectra for an MRR (top) and asymmetric 
MZI (bottom), with free spectral ranges =FSR 400MRR  GHz and =FSR 320AMZI  GHz. Signal photons are created at λs = 1,539.758 nm and idler photons at 
λi = 1,559.015 nm, with pump light at λp = 1,549.30 nm, all at the resonances of the MRR. Asymmetric MZIs can demultiplex the λs and λi photons. Residual 
pump photons are removed by off-chip filters with ~1.1 nm bandwidth, much wider than the linewidth of MRRs, ±37.7 1.9 pm. b, FWM enhancement in the 
MRR on-resonance. Background noise in the whole device is efficiently suppressed (off resonance). c, Tests of photon number purity by measuring the 
heralded g (0)(2) . d, Measured raw visibility of the heralded quantum interference, as a function of mean photon number n per pulse. The V = 0.92 dotted 
line is the maximum achievable visibility for our MRR designs. e, Tests of spectral indistinguishability, with a subtraction of multi-pair events. A visibility 
of ±90.99 3.91% is obtained, in agreement with the theoretical limit. Fourfold coincidences (CC) are accumulated in two minutes. f, Measured visibility 
of quantum interference between pairwise MRRs in the array. Mean visibilities of ±87.3 1.9% and ±71.9 2.4% are measured, with and without multi-pair 
corrections. Points are all experimental data; lines in d are theoretical values and lines in b,c,e are fittings. All error bars refer to ±1 s.d. estimated from 
Poissonian photon-counting statistics.
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into the entangled state Ψ∣ ⟩ +
1,4. Additionally, performing Ôfusion and 

measuring qubits 2, 3 in the σ σ̂ ̂x x basis produces the entangled state 
Φ∣ ⟩ +

1,4. We perform QST on qubits 1, 4 and reconstruct Ψ∣ ⟩ +
1,4 and 

Φ∣ ⟩ +
1,4, each from nine global measurement settings. Figure 4b(ii)  

reports the measured ρ, with fidelities of . ± .0 776 0 018 and 
. ± .0 737 0 019, respectively, demonstrating successful on-chip  

entanglement swapping of photonic states.
We then generate three- and four-photon GHZ entangled states 

on chip26. Performing Ôfusion on the two Bell pairs Φ Φ∣ ⟩ ⊗ ∣ ⟩+ +
1,2 3,4 

enables fusion between qubits 2 and 3, thus yielding the four-qubit 
GHZ state Φ∣ ⟩ = ∣ ⟩ + ∣ ⟩ ∕⊗ ⊗( 0 1 ) 2n n n

GHZ , =n 4. This entangling 
process succeeds with 0.5 probability, when detecting only one pho-
ton in each of {D1, D2}, {D3, D4}, {D5, D6} and {D7, D8} (Fig. 4c). 
The four-photon coincidence events arise from one of two cases—
either all photons are in the ∣ ⟩0  mode or in the ∣ ⟩1  mode—which 
are quantum-mechanically indistinguishable in the superposition 
basis and thus result in coherent entanglement. The Φ∣ ⟩ GHZ

3  and 

Φ∣ ⟩ GHZ
2  (that is, Φ∣ ⟩ +

1,4) states can be produced by locally measur-
ing the remaining qubits in the σx̂ basis.

To verify genuine multipartite entanglement (GME) for the states 
where all subsystems are genuinely entangled, we measure an entan-
glement witness operator Φ Φ̂ = ∕ − ∣ ⟩ ⟨ ∣W Î 2n

n n
GHZ GHZ  (ref. 27).  

Figure 4c reports the probability distribution in the basis σ ̂⊗z
n, σ ̂⊗x

n, 
and the general basis Ω θσ θσ̂ = ̂ + ̂θ

⊗ ⊗(cos sin )
n

x y
n, where {σx̂, σŷ, σẑ} 

are the Pauli operators. The fringes of Ω̂θ
⊗n

 show the measured 
coherence of the GHZ states, and the variable oscillatory frequency 
confirms the correlation nature of n-photon GHZ entanglement. 
With a total of +n 1 measurements, we calculate the =

′Fn 3,4 fideli-
ties for Φ∣ ⟩ n

GHZ  with values of . ± .0 683 0 014 and . ± .0 735 0 017,  
and obtain Ŵ =n 3,4 values of − . ± .0 235 0 017 and − . ± .0 183 0 014, 
respectively, certifying the genuine entanglement of the four-pho-
ton and three-photon GHZ states with at least σ13 .
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Ô = Î⊗Î on qubits 2, 3, that is, Ô is off. Each pair of lines refers to the dual-rail logical state ∣ ⟩0  and ∣ ⟩1 . b,c, Diagrams for the Bell operator ÔBell (b) and 
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2 or 3. Ôfusion transmits ∣ ⟩0  and swaps the ∣ ⟩1  mode. In the dashed boxes the circuits are reconfigured as a Hadamard-like or swap-like operator.  
d,e, The generated states in the source array can be programmed as either bipartite entangled (see Supplementary Information) or separable ∣ ⟩10 2,3 
(d) and ∣ ⟩++ 2,3 (e) (two red photons are in herald). The values in parentheses refer to the measured state fidelity (F) to their ideal states. f,g, Quantum 
interference when the two blue qubits ∣ ⟩10 2,3 (f) ( ∣ ⟩++ 2,3 (g)) meet at the ÔBell (f) (Ôfusion (g)) and rotate qubit 2 along the ̂σy axis (along the ̂σz axis). 
Points are experimental data measured in the ̂ ̂σ σx x basis, and lines are fitted with a sinusoidal function. h,i, Reconstructed density matrices for entangled 
states ρ2,3

, when performing ÔBell (h) or Ôfusion (i) on the separable states in d and e. Small blue/red pulses indicate different photons in the experiment, 
while joining lines indicate entangled states and ⊗ represents separable states. The ρ are reconstructed by performing full QST on chip. Column heights 
represent ∣ ∣ρ  while colours represent ∣ ∣ρarg ( ) . All error bars refer to ±1 s.d. estimated from Poissonian photon-counting statistics.
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We further quantify the GME of the generated GHZ states without 
QST or other assumptions on the state itself using GME-concurrence 
(CGME)28, which has computable bounds that turn out to be exact 
for GHZ-diagonal states. We use an efficient framework to lower 
bound the GME-concurrence from only two global measurement 
settings. Using only the outcome statistics of two measurements,  

σ ̂⊗z
n in Fig. 4c(ii) and σ ̂⊗x

n in Fig. 4c(iii), we arrive at values of 
≤ . ± .C 0 390 0 04GME

3  and ≤ . ± .C 0 192 0 039GME
4  for three- and four-

photon GHZ states respectively, thus efficiently quantifying genuine 
multipartite entanglement. The two-basis measurements can also 
be used to efficiently lower bound the state fidelity29, with values of 
. ± .0 593 0 019 and . ± .0 693 0 020 for the four- and three-photon states, 
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Fig. 4 | Chip-to-chip quantum teleportation and multi-photon multi-qubit entanglement. a(i)–c(i) Quantum circuit diagrams for the teleportation of 
arbitrary single-qubit states from ∣ ⟩ψ 2

 to ∣ ⟩ϕ 4
, by performing Bell measurement of qubits 2, 3 (a); teleportation (entanglement swapping) of two-qubit 

entangled states from two Bell pairs { ∣ ⟩Φ +
1,2, ∣ ⟩Φ +

3,4 } to ∣ ⟩Ψ +
1,4 or ∣ ⟩Φ +

1,4 (b); generation of three-photon and four-photon GHZ entangled states ∣ ⟩Φ n
GHZ , 

by fusing ∣ ⟩Φ +
1,2 and ∣ ⟩Φ +

3,4 (c). Each red (blue) line denotes the evolution of one qubit in the logical representation. Small blue/red pulses indicate different 
photons in the experiment, while joining lines indicate entangled states and ⊗ represents separable states. a(ii), Experimental results for the chip-to-chip 
single-qubit teleportation. A full set of six states { ∣ ⟩0 , ∣ ⟩1 , ∣ ⟩+ , ∣ ⟩− , ∣ ⟩+i , ∣ ⟩−i } was teleported from the transmitter to the receiver, respectively, reporting 
a mean fidelity of ±0.885 0.037. The ρ of six teleported states were reconstructed by full QST on the receiver chip. b(ii), Experimental results for two-qubit 
entanglement swapping. Performing ÔBell (Ôfusion) on ∣ ⟩Φ +

1,2 and ∣ ⟩Φ +
3,4 results in swapped entanglement ∣ ⟩Ψ +

1,4 ( ∣ ⟩Φ +
1,4) between photons that have not 

interacted. c(ii),(iii), Verification and quantification of GHZ genuine entanglement. Measured fourfold coincidences (normalized) in the ̂⊗σz
n basis (ii) and 

̂⊗σx
n basis (iii) for =n 2, 3, 4 photons. Grey boxes are theoretical probability distributions. { ∣ ⟩ ∣ ⟩X X, } refers to the ∣ ⟩ ∣ ⟩± ∕( 0 1 ) 2  states. In c(iii), expectation 

values of the coherence term ̂ ⊗Ωθ
n
 for =n 1, 2, 3, 4 are shown. Each point is derived from a set of 16 fourfold coincidences in the general ̂ ̂ ⊗θσ θσ+(cos sin )x y

n 
basis. The fringe in ∈θ π[0, ] is fitted with a sinusoidal function. All error bars refer to ±1 s.d. and are estimated from Poissonian photon-counting statistics. 
Errors in the fidelity of the reconstructed density matrices are estimated using Monte-Carlo simulations of the Poissonian counting statistics.
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respectively. See Supplementary Section 5 for more details on the 
generation, verification and quantification of GME.

We have presented state-of-the-art silicon-photonic quantum 
devices that are able to produce, process, transmit and measure 
multi-photon multi-qubit states. With these devices, chip-based 
teleportation and genuine multi-photon entanglement have  
been demonstrated. The achieved teleportation with an ~0.90 
fidelity is among the highest seen11, owing to the realizations of 
high-quality multi-photon sources and multi-qubit operators. 
The photon sources are approaching the optimal levels of photon 
purity and indistinguishability, while the heralding efficiency can 
be further improved20. With the developed technologies, we expect 
the generation of 10-photon entangled states to be achievable in 
the near future18. Our MRRs provides the essential ingredients for 
integrated multiplexing sources30, which promise the near-deter-
ministic generation of single photons. Moreover, with the ‘near-
zero change’ of the complementary metal–oxide–semiconductor 
process, silicon offers the capability of integrating very large-
scale quantum photonic circuits6. Our demonstrations pave the  
way for a complex integration of quantum nonlinear and linear-
optic devices in silicon, which can find applications in quantum 
communications12,13, quantum-enhanced measurements31, quan-
tum computing10,18 and distributed quantum information process-
ing networks15.

Online content
Any methods, additional references, Nature Research reporting 
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contributions and competing interests; and statements of code and 
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