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Polarization-entangled photon 
pair sources based on spontaneous 
four wave mixing assisted by 
polarization mode dispersion
Pisek Kultavewuti1, Eric Y. Zhu1, Xingxing Xing1, Li Qian1, Vincenzo Pusino2, Marc Sorel2 &  
J. Stewart Aitchison1

Photonic-based qubits and integrated photonic circuits have enabled demonstrations of quantum 
information processing (QIP) that promises to transform the way in which we compute and 
communicate. To that end, sources of polarization-entangled photon pair states are an important 
enabling technology. However, such states are difficult to prepare in an integrated photonic circuit. 
Scalable semiconductor sources typically rely on nonlinear optical effects where polarization mode 
dispersion (PMD) degrades entanglement. Here, we directly generate polarization-entangled states in 
an AlGaAs waveguide, aided by the PMD and without any compensation steps. We perform quantum 
state tomography and report a raw concurrence as high as 0.91 ± 0.01 observed in a 1,100-nm-wide 
waveguide. The scheme allows direct Bell state generation with an observed maximum fidelity of 
0.90 ± 0.01 from another (800-nm-wide) waveguide. Our demonstration paves the way for sources 
that allow for the implementation of polarization-encoded protocols in large-scale quantum photonic 
circuits.

Integrated sources of polarization-entangled photon pairs are of great importance for the utilization of quantum 
information science in real world applications. Polarization-entangled photons have been used to realize quan-
tum teleportation1, 2, implement quantum logic and computation operations3, 4, and to simulate quantum walk5, 6,  
to name a few. However, in most of these demonstrations, nonlinear crystals (e.g. BBO, periodically poled 
LiNbO3, or KTP) were used in the preparation and manipulation of the polarization-entangled states, and thereby 
severely limits scalability of the quantum information processing. As a result there is an urgent need for a scalable 
integrated platform which can efficiently produce and manipulate polarization-entangled photons7–9. Integrated 
semiconductor waveguides are a promising platform as they offer the prospect of integrating multiple functional-
ities onto the same chip as well as the inherent interferometric stability associated with integration. Unfortunately, 
producing polarization-entangled states in an integrated semiconductor waveguide is still challenging predomi-
nantly due to the polarization mode dispersion (PMD) that degrades the degree of entanglement10, 11.

Most polarization-entanglement sources that are based on semiconductor waveguides rely on either the 
second-order χ(2) process or the third-order χ(3) process, in which pump photons (one photon for χ(2) and two 
for χ(3)) spontaneously decay into two correlated photons. The former process is commonly known as spon-
taneous parametric down-conversion (SPDC) and typically exploited in III-V materials such as AlGaAs12–16. 
However, using the χ(2) process requires phase matching which is challenging in materials with no natural bire-
fringence. A sophisticated waveguide called a Bragg-reflection waveguide (BRW)12–15 or a quasi-phase matched 
waveguide (QPMW)16 can mitigate the phase matching requirement but at a price of increased complexity of the 
waveguide structure. On the other hand, the χ(3) process, specifically spontaneous four-wave mixing (SFWM), 
can meet the phase matching requirement more readily and therefore allows a simpler waveguide design (see 
Supplementary Materials for quantitative comparison). Crystalline silicon waveguide devices have been used 
to generate polarization-entangled photon pairs via the SFWM process17–20. Only one of the two polarizations 
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of the fundamental waveguide modes is exploited, and it is therefore mandatory to devise a polarization rota-
tion step either through an additional fiber polarization-controlled Sagnac loop17, 20 or a micro-scaled polariza-
tion rotator19. Lv et al.21 showed the possibility of utilizing both modes in parallel SFWM processes to generate 
polarization-entangled states in silicon waveguides; however, the PMD was still a major limitation and the 
demonstrated device is far from optimal.

In this work, we demonstrate a simple way of generating polarization-entangled photon pairs via 
orthogonally-polarized SFWM processes and show that an optimal, non-vanishing polarization mode dispersion 
is a necessity to generate such highly entangled states. The technique does not require any compensation steps, 
either on-chip or off-chip. The source is based on a deeply etched AlGaAs waveguide which is a promising plat-
form for integrated quantum photonics. We show, through quantum state tomography measurements of different 
waveguides on the same chip, that the source not only exhibits a high raw concurrence of 0.91 ± 0.01 but also is 
capable of directly producing maximally-entangled Bell states with a fidelity up to 0.90 ± 0.01.

Results
Basic concepts and device design. Our entanglement scheme relies on two independent SFWM pro-
cesses. The entanglement originates from the lack of knowledge of which SFWM processes create a photon pair. 
We implement the scheme in a deeply etched AlGaAs waveguide that supports two fundamental modes at tele-
communications wavelengths, namely: the Transverse Electric (TE) and the Transverse Magnetic (TM) modes. 
The TE (TM) mode has its major electric field component orientated horizontally (vertically) with respect to 
the growth direction of the wafer and is interchangeably represented by a letter H (V) for its polarization state. 
In such a waveguide, SFWM processes with co-polarized interacting photons are preferentially phase matched 
in the spectral region of near degeneracy. Therefore, it is more likely that both the signal and the idler photons 
are generated in the H state from two pump photons which are also in the H state, and similarly for the process 
involving photons all in the V state. Essentially, we obtain at the output of the waveguide a polarization-entangled 
state (see Fig. 1a) which can be described

ψ = + θa HH be VV (1)i

where the first and second letters in the ket signifies the polarization states of the signal and idler photons respec-
tively, the coefficients a and b are real numbers, and θ is the relative phase difference between the |HH〉 and |VV〉.

We fabricated waveguides using electron beam lithography and plasma reactive ion etching to a depth of 
approximately 3,000 nm. The deep etched geometry is required to minimize the optical leakage to the high refrac-
tive index GaAs substrate. The resultant waveguide structure can be seen in Fig. 1b along with the second-order 
dispersion coefficients k(2) in Fig. 1c and d that dictates the device’s SFWM operation bandwidth. The waveguide 
core is Al0.25Ga0.75As, and its aluminum concentration was chosen so that two-photon absorption (TPA) is negli-
gible22; otherwise the performance of the source would be limited23. We have confirmed that indeed TPA is absent 
in our waveguides in a correlated photon pair generation experiment via a single SFWM process24. The waveguide 
widths vary from 700 nm to 1,200 nm and have a length of 4.5 mm. The waveguides are tapered at both ends to 
2,000-nm-wide waveguides to facilitate in/out coupling. Propagation losses of such waveguides were measured to 

Figure 1. (a) The two orthogonally pumped SFWM processes that drive the entanglement generation. (b) A 
cross section of a deeply etched AlGaAs polarization-entangled photon pair source, detailing the materials 
composing the structure. (c) and (d) The dispersion coefficients k(2) of the TE and TM waveguide modes. The 
zero-dispersion wavelength near 1,550 nm is achieved for the TE mode of the waveguide width of 700 nm.
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be from 10 to 15 dB cm−1. In these structures the waveguide widths have a considerable effect on the dispersion 
of the TE mode due to the high index contrast (between air and Al0.25Ga0.75As) and high mode confinement. 
The zero-dispersion wavelength (ZDW) can be positioned anywhere in the entire C-band by controlling the 
waveguide widths25. This condition is desirable to achieve efficient SFWM. The ZDW is located at ~1550 nm 
with the width of 700 nm (see Fig. 1c), and we have shown that this waveguide delivers efficient and broadband 
classical four-wave mixing (FWM)24. On the other hand, the TM mode is only slightly affected by the waveguide 
widths since the major electric field aligns vertically and experiences less index contrast from the core-cladding 
interface. Hence, it remains normally dispersive. We can estimate the bandwidth of SFWM using a classical FWM 
measurement26. Previously we reported co-polarized, continuous-wave FWM efficiencies measured from the 
700-nm-wide waveguide24. The TE mode exhibited a bandwidth of at least 80 nm while the TM mode operated 
with a bandwidth of 60 nm. As the waveguide becomes wider, the dispersion property of the TE mode becomes 
more similar to that of the TM mode, whereas the latter is less dependent on the waveguide width. This can be 
seen from Fig. 1c and d where we plot a dispersion coefficient k(2) as a function of wavelength for both modes in 
different waveguides. Therefore, it is justified to assume that all our waveguides operate with a 60-nm bandwidth 
for both modes in the polarization entanglement experiment.

The symmetry of the AlGaAs third-order susceptibility χ(3) allows eight SFWM processes to occur inside the 
waveguide. The allowed processes are listed in the left column of Table 1 along with the resultant signal-idler 
polarization states in the right column. We denote the process using four letters with the first, second, third, and 
forth letters referring to polarization states of the signal, the idler, and the two pump photons. For example, the 
stuv process refers to a process with the signal and idler photons in the s and t polarizations and the two pump 
photons in the u and v polarizations where s,t,u,v ∈ {H, V}. We shall see that the processes leading to the states of 
|HV〉 and |VH〉 degrade the entanglement of the state we would like to generate with our scheme in equation (1).

Biphoton wavefunctions and polarization-entangled states. The properties of the entangled state 
of a photon pair are captured in a biphoton wavefunction (BPW). Let a waveguide span in a z direction from 
z = −L/2 (input facet) to z = L/2 (output facet), and consider a pump input state expressed as27.

∑ψ α=





− . .





†Aexp H c 0
(2)w

w win

where ∫ φ=† †A dk k a k( ) ( )w w w , φ k( )w  represents the pump spectral profile, and w ∈ {H,V} denotes the mode of the 
pump photons (recall H is the TE mode and V represents the TM mode). The input state in equation (2) describes 
a superposition of coherent pump states with average numbers of photons |αw|2 in the mode w28. We impose a 
lossless limit and focus on the situation that both the TE and TM pump modes have the same frequency, i.e. 
degenerate SFWM. The BPW specific to a stuv SFWM process (see Table 1, left column) is expressed as
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where K absorbs all constants (including an effective nonlinear strength) and Δk = ks1 + kt2 − ku3 − ku4 is the phase 
mismatch of the stuv process. The state of the entangled signal-idler photon pair at the output of the waveguide is

∫∑ψ α α φ ω ω= dk dk k k s t( , ) , ; ,
(4)gen

stuv
u v stuv1 2 1 2 1 2

After collecting the generated photon pairs, we apply bandpass filters in the state tomography measurement. 
Hence, the detected state can be described as

∫∑ψ α α ω ω φ ω ω= dk dk F k k s t( , ) ( , ) , ; ,
(5)stuv

u v stuv1 2 1 2 1 2 1 2

where F(ω1,ω2) represents a filter function. The generated state is a superposition of four signal-idler states |s;t〉 
where each is calculated by summing over the pump polarizations u and v and integrating over the propagation 
constants of the signal and idler photons. The ratio αv/αu ≡ r can be chosen from equation (5) to balance the 
probabilities of generating the pair in |HH〉 and |VV〉.

We plot in Fig. 2 the magnitude of the four balanced BPWs 𝜙st (with summation and integration carried 
out) for (a) the 700-nm-wide waveguide with r = 1.33 and (b) the 1,200-nm-wide waveguide with r = 1.14 (see 

SFWM processes Signal-idler state

HHHH and HHVV HH

VVVV and VVHH VV

HVHV and HVVH HV

VHHV and VHVH VH

Table 1. A list of contributing SFWM processes (left column) to corresponding signal-idler polarization states 
(right column). The first, second, third, and forth letters specify polarization states of the signal, idler, first 
pump, and second pump photons.
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Methods for computation details and Supplementary Materials for all BPWs of the SFWM processes). The area 
within a white rectangle corresponds to the filter function employed in the experiment and used to find the power 
ratio r. There are a couple of important features to note. The probabilities of generating photon pairs with parallel 
polarizations are much higher than those of generating pairs with orthogonal polarizations due to the phase 
matching condition. This is more obvious in the 700-nm-wide waveguide for which the orthogonally-polarized 
states have almost-zero probability of being generated. However, the difference in the two generation probabil-
ities proportionally depends on the differential group index (DGI) between the TE and TM modes. The DGI is 
0.10 for the 700-nm-wide waveguide and drops to 0.016 in the 1,200-nm-wide waveguide. As a result, the chance 
of orthogonally-polarized pairs being created increases as the waveguide widens, such as the 1,200-nm-wide 
waveguide. These orthogonally-polarized states then make the generated state partially factorizable and reduce 
the entanglement. On the other hand, a relatively larger DGI in the 700-nm-wide waveguide could lead to a 
significant temporal walk-off and renders the two processes partially distinguishable and downgrades the entan-
glement. Hence, the dispersion property manifests into two competing effects between the narrow and the wide 
waveguides: temporal walk-off and factorizability in the polarization degree of freedom.

Observation of polarization-entangled states. The experimental setup is displayed in Fig. 3 (see 
Methods). We excite both the TE and TM modes with pump pulses (1,554.90 nm) prepared to be linearly polar-
ized at ~45° to the horizontal. The photon pair is then created inside the waveguide. The output light is collected 
by a lensed fiber and passes through a cascade of filters (WDM in Fig. 3) that remove pump photons and separate 
the signal (1,533.47 nm) and the idler (1,577.03 nm) photons, each with a passband of 1 nm. Polarization control-
lers are calibrated and configured to unwind the fiber’s polarization scrambling effect and to project the photons 
onto different polarization states: H, V, D (diagonal, −45°), A (anti-diagonal, 45°), R (right-handed circular), and 
L (left-handed circular). These polarization states are defined with respect to the lab frame. The photons are then 
detected using avalanche photodiodes over an integration time of 180 s. We then perform projective state tomog-
raphy on the generated state with an over-complete set of signal-idler polarization states, i.e. conducting 6 × 6 
measurements. The 36 accidental-subtracted coincidence counts are subsequently used to reconstruct a density 
matrix of the state in the basis {|HH〉,|VH〉,|HV〉,|VV〉} using the maximum likelihood technique29. A thousand 

Figure 2. Magnitudes of effective, balanced biphoton wavefunctions as a result of two orthogonally-pumped 
SFWM processes in (a) the 700-nm-wide waveguide and (b) the 1,200-nm-wide waveguide.

Figure 3. A schematic diagram of the experiment including the following items: a mode-locked laser (MLL), 
an erbium-doped fiber amplifier (EDFA), 1-nm band-pass filters (BPF), a fiber polarization controller (FPC), a 
fiber collimator (CL), quarter-wave plates (Q), half-wave plates (H), polarizers (P), an objective lens (Obj), a set 
of WDM filters, polarization analyzers (PA), avalanche photodiodes (APDs), and a time interval analyzer (TIA).
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instances of Monte Carlo simulation based on the Poissonian nature of the detection are used to estimate errors 
of the reconstructed density matrices and their related quantities.

We conducted experiments on several deeply etched AlGaAs waveguides with different widths from 700 nm 
to 1,200 nm. For each waveguide, the powers of the pump modes were adjusted so that the states |HH〉 and |VV〉 
are detected at approximately the same rates: this is equivalent to an on-chip rate of 16.4 × 10−3 pairs per pulse 
(see Methods). In Fig. 4, we show the reconstructed density matrices of the entangled states generated from the 
waveguides with widths of 700 nm ((a)-(b)) and 1,100 nm ((c)-(d)). Density matrices of all other waveguides can 
be found in the Supplementary Material. We clearly observed four corner pillars of the density matrices, which 
are an expected trait of the targeted entangled state in equation (1).

The concurrence C, which is a measure of the degree of entanglement, is extracted from the reconstructed 
density matrices and shown in Fig. 5a. The result is shown in red triangles for concurrence evaluated from the 
total raw coincidence counts and also in blue circles when the accidental counts are subtracted (abbreviated as 
acs.). The accidental counts are taken from the coincidence counts registered at the next pump pulse. The error 
bars represent the 95% confidence interval with a standard deviation of 0.01. Albeit being the most efficient for 
all-TE FWM interaction, the 700-nm-wide waveguide yielded the lowest raw concurrence at 0.85 ± 0.01 (0.89 
acs.). The measured concurrence generally increases toward wider waveguides. The maximum raw concurrence 
is observed from the 1,100-nm-wide waveguide with a value of C = 0.91 ± 0.01 (0.97 acs.), whose corresponding 
density matrix is shown in Fig. 4c and d. (All BPWs of this waveguides are plotted in Supplementary Fig. 2). The 
raw concurrence then drops back to 0.85 ± 0.01 (0.90 acs.) at the waveguide width of 1,200 nm. Nonetheless, the 
measured results lie among the best-reported concurrences in integrated devices12, 19. We also note that no addi-
tional setups were used here to erase any possible distinguishability.

A simulated concurrence is calculated using the model discussed previously. The solid black line in Fig. 5a 
represents the predicted pure state while the red curve incorporates predicted accidental counts and other experi-
mental parameters (See Supplementary). The theory curve peaks near the width of 1,050 nm, and its shape agrees 
well with the experimental data. To the left of the peak, the entanglement drops as a result of the PMD that 
introduces distinguishability. On the other hand, to the right of the peak, the entanglement is degraded as the 
PMD decreases, resulting in growing contributions from the |HV〉 and |VH〉 such that the state becomes more 
factorizable in the polarization degree of freedom. Hence, we confirm from both simulation and experiment that 

Figure 4. Reconstructed density matrices of the polarization-entangled states generated from the 700-nm-wide 
waveguide (a,b) and the 1,100-nm-wide waveguide (c,d).
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an optimal level of PMD is required to produce a state with high polarization entanglement. We note that acci-
dental counts appreciably affect the resultant concurrence. At the employed pump power, the accidental counts is 
dominated by the chance of detecting signal and idler photons from different pairs rather than by the dark counts 
of the detectors.

From the accidental-subtracted reconstructed density matrices, we evaluate the violation of the Bell-CHSH 
inequality30. The S parameter is defined as |E(a,b) + E(a’,b) + E(a,b’)−E(a’,b’)| and it strongly depends on the two 
sets of measurement: {a,a’} on one photon and {b,b’} on the other. The correlation function E(a,b) is computed 
from Tr{ρ·m(a)⊗m(b)} where m(x) represents a single-qubit measurement operator projecting onto the x state. 
We numerically search for the two measurement sets that maximize the parameter S for each of the Monte Carlo 
instances. The average of the maximized S parameters is collected for each waveguide and shown in Fig. 5b with 
a standard deviation of 0.01. The S parameter is well above 2 (torquise solid line) that is dictated by the classical 
correlation limit, and its maximum value is 2.78 ± 0.01 from the 1,100-nm-wide waveguide. It also varies linearly 
with the concurrence as expected.

We investigate further the deviation of the measured concurrence from the theoretical line in the case when 
the accidental counts are subtracted. The purity of the measured state defined as Tr[ρ2], plotted in Fig. 6a, suggests 
that the generated state becomes more mixed as the waveguide becomes narrower. We attempt to decompose the 
measured density matrix to reveal the statistical mixture of states according to ρ = Σi piρi where i ∈ {0,1,2} and 
ρ0 = |ψgen〉〈ψgen| is the predicted polarization-entangled state, ρ1 = |HH〉〈HH|, and ρ2 = |VV〉〈VV|. The reasoning 
behind the inclusion of ρ1 and ρ2 is the possibility of distinguishing which process creates the photon pair. An 
optimization search is carried out to find a set of mixture probabilities pi that maximizes the fidelity (i.e. simi-
larity) of the search matrix and the observed density matrix with a constraint that Σipi = 1. The search result is 
shown in Fig. 6b. The mixture probability p0 from the entangled state ρ0 appears as the major contribution to 
the overall detected state. This probability p0 drops as the waveguide becomes narrower. On the other hand, the 
distinguishable states ρ1 and ρ2 have become more probable, and therefore lead to a decrease in concurrence. We 
postulate that these distinguishable contributions that cause the discrepancy from the theoretical line (in Fig. 5a) 

Figure 5. (a) The experimental and simulated concurrences of the generated states versus waveguide widths. 
The higher concurrence shown has the accidental counts subtracted while the lower concurrence shown is 
based on raw experimental data. (b) The expected S parameter extracted from the reconstructed density matrix 
showing a violation of the Bell-CHSH inequality. The torquise line is the classical correlation limit whereas the 
magenta line marks the quantum correlation limit.

Figure 6. (a) Purity of the generated states, Tr[ρ2]. (b) Mixture probabilities of the impurities in the observed 
density matrix.
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originate from simulation parameters that do not perfectly represent the actual situation and from unaccounted 
accidental counts.

The phase offset θ between the |HH〉 and |VV〉 depends on the waveguide dispersion and the length of the 
device, both of which can be controlled to directly generate Bell states without additional compensation. The 
phase offset is extracted from the reconstructed density matrices and plotted in Fig. 7a. In Fig. 7b, we determine 
the fidelity of the generated entangled states from all the waveguides to Bell states |Ф±〉 = |HH〉 ± |VV〉. In par-
ticular, the maximum fidelity of 0.92 ± 0.01 (0.90 raw) to the Bell state |Ф−〉 is observed with the 800-nm-wide 
waveguide. Our generation method therefore provides the ability to tune the generated state to Bell states or to 
other maximally entangled states depending on the targeted applications.

Discussion
The polarization mode dispersion between the TE and TM modes in waveguides is usually perceived as a serious 
detrimental factor due to the emerging spectral distinguishability. Thus, it might seem most desirable for the TE 
and TM modes to have identical dispersion properties as one could achieve with square waveguides, thereby 
eliminating the spectral distinguishability. Unfortunately, in such a case, the entanglement will be completely 
destroyed because all of the eight SFWM processes become degenerate and similarly efficient, and the photon 
pair will have an equal probability of being created in each state of {/HH〉, |VH〉, |HV〉,|VV〉}. In other words, the 
generated state will be fully factorizable as |ψgen〉 = |HH〉 + eiθs|VH〉 + eiθi|HV〉 + ei(θs+θi)|VV〉 = (|H〉 + eiθs|V)s⊗(|
H〉 + eiθi|V〉|V〉)i. On the other hand, in highly-asymmetric waveguide geometries, as in typical crystalline silicon 
waveguides, the TE and TM modes behave very differently, and thus the spectral profiles of the BPWs 𝜙HHHH 
and 𝜙VVVV are very spectrally different17–21. This leads to obvious spectral distinguishability that can hardly be 
eliminated. In this work, we have shown that an optimal level of polarization-mode birefringence is required in 
preparing highly-polarization-entangled photon pairs using orthogonally-pumped SFWM processes. The dis-
persion property, waveguide length, and filtering bandwidth collaborate to simultaneously optimize the leftover 
spectral distinguishability and polarization state factorizability. In addition, the orthogonally-pumped SFWM 
scheme allows one to directly generate Bell states by tuning the waveguide geometries (hence, dispersion) and 
waveguide lengths. We emphasize that birefringence is required, not the group velocity mismatch. In principle, it 
is possible to design a waveguide device31 that exhibits optimal polarization-mode dispersion but with matching 
group velocities for the two orthogonal modes, or one can devise methods that lock the group velocity of the two 
modes32.

Note that the generated photon pairs are also entangled in frequency. While this is not the focus of this work, 
we could quantify the entanglement by using calculating the Schmidt number K = 1/Tr[(ρS)2] where ρS is the 
reduced density state to the signal photon. The state from the 700-nm-wide waveguide has the Schmidt number 
of 1.98 while the state from the 1,100-nm-wide waveguide has the Schmidt number of 1.93.

Compared to χ(2)-based AlGaAs devices12–16, our sources are much simpler to fabricate due to a more relaxed 
phase matching requirement (see Supplementary Materials for quantitative comparison), and they can generate 
states with a high level of polarization entanglement, in fact performing at par with these conventional AlGaAs 
sources. The cross-sectional structure of our AlGaAs sources provides mild PMD between the fundamental TE 
and TM modes such that the effect of spectral distinguishability is small and efficiently eliminated by filtering. 
This is in contrast to crystalline silicon waveguides where the two modes behave very dissimilarly due to greatly 
asymmetric waveguide geometries. The generation of polarization-entangled photon pairs in silicon waveguides, 
then, can only rely on the TE polarization mode, and must require an additional polarization rotation step, such 
as an integrated polarization rotator19 or a Sagnac loop17. The former introduces complexity in the fabrication 
while the latter faces with a sophisticated setup. Here, we have shown that we could circumvent these complexities 
by employing suitable-PMD waveguide structure. We compare the performance of our source with other demon-
strations in Table 2. Our source indeed outperforms silicon-based devices and can compete with the conventional 
χ(2)-based AlGaAs sources.

Figure 7. (a) Relative phases of the |VV〉 with respect to the |HH〉 of the generated entangled state 
from different waveguides. (b) Fidelity of the generated states from several waveguides to the Bell states 
|Ф±〉 = |HH〉 ± |VV〉, displaying a possibility of directly and tunably generating Bell states with the proposed 
scheme and without any post-generation compensation steps.
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In summary, we demonstrated an on-chip source of polarization-entangled photon pair states without extra 
post-generation, off-chip steps for compensating or erasing the ‘which process’ information. The scheme is based 
on orthogonal-pumped SFWM and it liberates us from complexities typically encountered in conventional 
χ(2)-based AlGaAs devices and high PMD silicon waveguides. We also showed that a moderate amount of PMD 
is required to produce high polarization entanglement. Our devices are deeply etched, 4.5-mm-long AlGaAs 
waveguides whose compositions are tailored to suppress two-photon absorption. The waveguides support two 
orthogonal fundamental modes with weak PMD and polarization-dependent losses, and both modes have 
SFWM operation bandwidths of 60 nm and could potentially accommodate about 20 channels for entanglement 
multiplexing33. We conducted full state tomography and observed raw concurrences of more than 0.85 ± 0.01 
across several waveguide widths and achieved a high entanglement state with a maximum raw concurrence of 
0.91 ± 0.01 (0.97 acs.). In addition, we directly generated Bell states with a high fidelity. We note that the choice 
of AlGaAs materials would enable us to integrate other photonic elements to realize an integrated quantum pho-
tonic circuit. In particular, two-photon interference has been demonstrated with an integrated Mach-Zehnder 
interferometer implemented in GaAs34. Integrating superconducting single-photon detectors in the AlGaAs sys-
tem has shown promise35, 36. Together with the aforementioned integrated interferometer and detection com-
ponents, we believe that our source and its insight, by greatly simplifying generation of polarization-entangled 
states, will significantly contribute to the realization of polarization-protocol quantum photonic circuits.

Methods
Simulations. The computation of the polarization entangled state in our scheme requires the information 
of the waveguide dispersion, the pump spectra, and the filter function, according to equation (3) and (4). The 
waveguide dispersion curve is determined from Lumerical MODE software. The phase matching function is 
computed with the full dispersion curve, i.e. no approximation is used. The pump spectra for both the excited 
TE and TM modes are assumed identical, justified from the experiment implementation. The spectra assume 
a rectangular waveform with a bandwidth of 100 GHz (~0.8 nm) to reflect filtering in the pump preparation 
step. The central wavelength of the pump is 1554.9 nm, corresponding to the central wavelength of the deployed 
WDM filters. The signal-idler filter function F(ω1,ω2) is a 2-dimensional rectangle waveform with a bandwidth of 
100 GHz (~0.8 nm) in both dimensions, again to reflect the filtering used in the experimental setup. The center of 
the function corresponds to the central wavelengths of the signal and idler filtering channels, i.e. 1,533.47 nm and 
1,577.01 nm, respectively. The integral is computed with respect to an angular frequency ω instead of a propaga-
tion constant k by utilizing a one-to-one relationship (with appropriate pre-factors27) between the two quantities 
due to the waveguide structure.

Experiments. The pump pulse comes from a 700-fs mode locked fiber laser with a pulse repetition rate 
of 10 MHz. The pump passes through one 0.8-nm-bandpass fiber-based filter with a central wavelength of 
1554.90 nm to extend the temporal duration to ~6 ps. The pump pulse is then amplified with an erbium-doped 
fiber amplifier (EDFA) and subsequently passes two additional similar filters to remove amplified spontaneous 
emission (ASE) photons. The pump is later coupled out to free space with a collimator. Before the collimator, a 
fiber polarization controller is used to adjust the polarization of the pump in free space to be linearly polarized 
and aligned horizontally with respect to the lab frame. A half-wave plate (HWP) and a polarizer (P) allow further 
control of the polarization state of the pump. To excite both the TE and TM waveguide modes, the polarization 
of the pump is initially set to ~45° with respect to the horizontal. The pump is then coupled into the device via a 
40× objective lens that provides a power coupling of −10 dB. At the end of the waveguide, light is collected by 
a tapered fiber with efficiency of −6 dB. A set of WDM filters removes pump photons with a rejection ratio of 
110 dB and separates the generated signal and idler photons. In each channel, three WDM filters are connected 
in series with central wavelength of 1,533.47 nm for the signal and 1,577.01 nm for the idler, and effective filtering 
bandwidth is ~0.8 nm. Each of the separated entangled photons then enters a polarization analyzer (PA) that 
consists of a half-wave plate, a quarter-wave plate (QWP), and a polarizer, in sequence. The configuration of 
the PAs is discussed below. After exiting the PA, each of the photons is then detected with an InGaAs avalanche 
photodiode whose detection efficiency is configured to 20% and detection dead time is set at 15 μs. Detection 
clicks (both singles and double counts) from the two avalanche photodiodes are recorded with an FPGA-based 
time interval analyzer whose temporal resolution is 500 ps. The overall detection efficiency (starting from the 
chip-fiber coupling to the detector) is about −20 dB for the signal channel and −18 dB for the idler one. All fiber 
components in the output path are secured and stabilized to ensure minimal polarization drifting throughout a 

Process Material Craw Cacs. Sacc. sub.

This work χ(3), dual AlGaAs 0.91 ± 0.01 0.97 ± 0.01 2.78 ± 0.01a

Lv et al.21 χ(3), dual Si — — 2.59 ± 0.12b

Matsuda et al.19 χ(3), single Si 0.88 ± 0.02 — —

Olislager et al.18 χ(3), single Si — — 2.37 ± 0.19

Kang et al.37 χ(2) AlGaAs 0.92 ± 0.03 0.98 ± 0.01 2.65b

Orieux et al.15 χ(2) AlGaAs 0.68 ± 0.01 0.75 ± 0.03 2.23 ± 0.01

Table 2. Comparison of concurrence and S parameter of our source with other sources of polarization-
entangled photons. aEstimated from reconstructed density matrices as described previously. bEstimated from 
reported visibility of two-photon interference visibilities.
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single 36-measurement tomography. We tested that the mechanical and temperature stability is maintained and 
the drift (i.e. change in transmitted power through the PA) is low at least within 6 hours after the PA configuration 
step. With the correctly configured PAs, the pump-path polarizer is tuned such that the coincidence counts of two 
projective measurements onto the |HH〉 and |VV〉 are approximately the same. Then, a 36-measurement tomog-
raphy could be conducted. This calibration process is repeated for different waveguides. The projections to the 
|HH〉 and |VV〉 states register total coincidence counts at a rate of ~13.3 Hz, corresponding to the on-chip photon 
pair generation rate of 16.4 × 10−5 pairs per pulse per GHz.

Configuring polarization analyzers. The configurations of the PAs (i.e. orientations of their internal ele-
ments) to perform projective state tomography are found from a similar setup used in the entanglement experi-
ment but with a slight modification. A narrow-line width, continuous-wave laser is used instead and without the 
EDFA. The waveguide sample is removed to isolate polarization-scrambling effects from all of the elements after 
the waveguide. Free-space HWP and QWP are introduced in the pump path between the polarizer and the input 
objective lens such that all the six polarization states (H, V, D, A, R, L) can be generated and later coupled into 
the tapered fiber. For each filter channel, an optical power is measured before the PA as a reference with the laser 
wavelength set to the channel-corresponding central wavelength. While the PA’s polarizer is fixed, settings of the 
PA’s HPW and QWP are sought such that the transmitted power through the PA is maximized for each input 
polarization state, i.e. achieving projection.
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