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We demonstrate a chip-integrated semiconductor source that combines polarization and frequency entanglement,
allowing the generation of entangled biphoton states in a hybrid degree of freedom without post-manipulation.
Our AlGaAs device is based on type-II spontaneous parametric downconversion in a counterpropagating phase-
matching scheme in which the modal birefringence lifts the degeneracy between the two possible nonlinear inter-
actions. This allows the direct generation of polarization–frequency entangled photons at room temperature and
telecom wavelength, and in two distinct spatial modes, offering enhanced flexibility for quantum information
protocols. The state entanglement is quantified by a combined measurement of the joint spectrum and
Hong–Ou–Mandel interference (raw visibility 70.1%� 1.1%) of the biphotons, allowing to reconstruct a
restricted density matrix in the hybrid polarization–frequency space. © 2023 Chinese Laser Press
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1. INTRODUCTION

Quantum states of light are central resources for quantum in-
formation technologies. Indeed, besides their easy transmission
and robustness to decoherence, photons provide a large variety
of degrees of freedom (DOFs) to encode information, which
can be either two-dimensional (such as polarization) or
higher-dimensional (such as frequency, orbital angular momen-
tum, or spatial modes) [1,2]. In addition, photonic information
can be encoded either in individual photons or in the quadra-
tures of the electromagnetic field, defining, respectively, the
realms of discrete variable (DV) and continuous variable (CV)
encoding.

Polarization is a paradigmatic two-dimensional photonic
DOF that allowed for pioneering demonstrations in quantum
information, ranging from fundamental tests of quantum me-
chanics [3] to quantum computing [4] and communication
tasks [5,6]. Focusing on DV encoding, polarization Bell states,
such as jΨ�ipolar � �jH ijV i � jV ijH i�∕ ffiffiffi

2
p

, where H and
V stand for the horizontal and vertical polarizations of single
photons, respectively, constitute a fundamental building block
for many of these applications. They can be efficiently gener-
ated with parametric processes in nonlinear bulk crystals
combined with external components (such as a walk-off com-
pensator or a Sagnac interferometer) [7–10]. More recently,
chip-based sources based on quantum dots [11–15] or para-
metric processes [16–20] allowed to generate polarization

Bell states in a fully integrated manner, without requiring ex-
ternal optical elements.

Now turning to high-dimensional photonic DOFs, among
the various candidates, frequency is attracting growing interest
due to its robustness to propagation in optical fibers and its
capability to convey large-scale quantum information into a
single spatial mode. Frequency is intrinsically a continuous
DOF that can be used to encode information as such [21–23],
but it can also be viewed as a discrete DOF when divided into
frequency bins [24,25]. In the latter case, the simplest maxi-
mally entangled state of two photons is the so-called two-color
Bell state, jΨ�icol � �jω1ijω2i � jω2ijω1i�∕

ffiffiffi
2

p
, where jω1i

and jω2i are well-separated single-photon frequency bins.
Several experimental schemes have been implemented to gen-
erate such two-color entangled states, which could be exploited,
e.g., as a metrology resource for precise time measurements
[26], or to interconnect stationary qubits with dissimilar energy
levels [27] in a quantum network. The first realizations relied
on filtering out frequency bins from a continuous spectrum
[28,29]. More recently, brighter sources have been demon-
strated by using periodically poled crystals in crossed configu-
rations [26,30], Sagnac loops [31], double passage
configurations [32], or by transferring entanglement from
the polarization to the frequency domain [33]. All these dem-
onstrations relied on bulk nonlinear crystals, and while inte-
grated sources such as microring resonators are powerful to
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generate frequency combs (involving a high number of fre-
quency bins) [25], the direct and versatile generation of
two-color entangled states with chip-based sources is still scarce.
In the latter domain, an important advance was achieved in
Ref. [34], combining on the same silicon chip two four-wave
mixing sources and an interferometer with a reconfigurable
phase shifter. The resulting interference between two indepen-
dent sources allowed generating two-color entangled states in an
integrated and controlled manner, albeit with limited efficiency.

Besides entanglement into a single DOF, combining several
DOFs can provide increased flexibility for quantum informa-
tion protocols. To this aim, we demonstrate here a single chip-
integrated semiconductor source that combines frequency and
polarization entanglement, leading to the generation of hybrid
polarization–frequency entangled biphoton states without
post-manipulation. Our AlGaAs device is based on type-II
spontaneous parametric downconversion (SPDC) in a counter-
propagating phase-matching scheme, where the modal birefrin-
gence lifts the spectral degeneracy between the two possible
nonlinear interactions occurring in the device. This allows the
direct generation of polarization–frequency entangled photons
in two distinct spatial modes, at room temperature and telecom
wavelength. Such combination of DOFs opens greater capabil-
ities for quantum information applications, allowing to switch
from one DOF to another and thus to adapt to different ex-
perimental conditions in a versatile manner.

2. THEORETICAL FRAMEWORK

Our semiconductor integrated source of photons pairs is
sketched in Fig. 1(a). It is a Bragg ridge microcavity made
of a stack of AlGaAs layers with alternating aluminum concen-
trations [19,35,36]. The source is based on a transverse pump
scheme, where a pulsed laser beam impinging on top of the
waveguide (with incidence angle θ with respect to the x axis)
generates pairs of counterpropagating photons (signal and idler)
through SPDC [19,37]. As a consequence of the opposite
propagation directions for the photons, two type-II SPDC
processes occur simultaneously in the device [19]: one that

generates a TE-polarized signal photon [propagating along
z > 0; see Fig. 1(a)] and a TM-polarized idler photon (propa-
gating along z < 0), and a second one that generates a TM-
polarized signal and a TE-polarized idler. We later refer to these
two generation processes as HV and VH , respectively, using
the shorter notation H (horizontal) for TE and V (vertical) for
TM. The central frequencies ωs and ωi of the signal and idler
photons obey energy conservation (ωp � ωs � ωi, where ωp is
the pump frequency) and momentum conservation along the
waveguide direction, which reads for the two interactions

ωp sin�θ� � ωsnH �ωs� − ωinV �ωi� �Inter: HV �, (1)

ωp sin�θ� � ωinV �ωs� − ωinH �ωi� �Inter: V H �, (2)

with nH and nV the modal refractive indices of the waveguide
for H and V polarizations, respectively.

Figure 1(b) shows the resulting SPDC tunability curve,
i.e., the calculated central wavelengths of signal and idler pho-
tons as a function of the pump incidence angle θ, for both
interactions, by taking into account our sample properties and
the used pump central wavelength λp � 773.15 nm. The
two interactions are not degenerate because of the small modal
birefringence of the waveguide (Δn � nH − nV ≃ 1.2 × 10−2 at
the working temperature 293 K). In the low-pumping regime,
the generated two-photon state resulting from both interactions
reads

jΨi �
ZZ

dωdω 0�ϕHV �ω,ω 0�â†s,H �ω�â†i,V �ω 0�

� ϕVH �ω,ω 0�â†s,V �ω�â†i,H �ω 0��j0,0i, (3)

where the operator â†s�i�,H �V ��ω� creates a signal (idler) photon
of frequency ω and polarization H (V ). The function
ϕHV �ω,ω 0� is the joint spectral amplitude (JSA) for the inter-
action HV , i.e., the probability amplitude to measure an H
signal photon at frequency ω and a V idler photon at frequency
ω 0; the analogous definition goes for ϕVH.

To produce polarization–frequency entangled states, we
consider the situation where the pump beam impinges at nor-
mal incidence on the waveguide (θ � 0°). The two interactions

Fig. 1. (a) Schematic of an AlGaAs ridge microcavity emitting counterpropagating twin photons by SPDC in a transverse pump geometry. Two
type-II interactions occur, generating either anH -polarized signal photon and a V -polarized idler photon (interactionHV ), or the opposite situation
(interaction VH ), resulting in a hybrid polarization–frequency entangled state. (b) Calculated SPDC tunability curve, showing the central wave-
lengths of signal and idler photons as a function of the pump incidence angle θ (with respect to the vertical x axis), for both interactions, using our
sample properties and pump central wavelength λp � 773.15 nm. (c) Sketch of the experimental setup to measure the HOM interference of the
hybrid polarization–frequency state. HWP, half-wave plate; F, frequency filter; FPC, fibered polarization controller; BS, beam splitter;
SNSPD, superconducting nanowire single-photon detector; TDC, time-to-digital converter.
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give rise to two distinct peaks in the biphoton spectrum, as seen
in the simulation of Fig. 2(a) showing the joint spectral inten-
sity (JSI), which is the modulus squared of the JSA (plotted in
the wavelength space). The two peaks, centered at wavelengths
λ1 and λ2 [see Fig. 1(b)], are symmetric with respect to the
degeneracy wavelength λdeg � 2λp. Since the separation be-
tween the peaks is much larger than their spectral widths, a
reasonable approximation is to discretize the frequency DOF
and replace the JSAs by Dirac deltas, ϕHV �ω,ω 0� �
ϕVH �ω 0,ω� � δ�ω − ω1,ω 0 − ω2� (with ω1�2� � 2πc∕λ1�2�).
Inserting these expressions into Eq. (3), the emitted biphoton
state can be rewritten as a hybrid polarization-frequency (HPF)
state, jΨi ≃ jΨiHPF, with

jΨiHPF �
1ffiffiffi
2

p �jHω1isjVω2ii � jVω2isjHω1ii�: (4)

The first ket represents the signal photon and the second the
idler photon, as defined by their respective opposite propaga-
tion directions. In this state, frequency ω1 is always associated
with H polarization, while frequency ω2 is always associated
with V polarization. This constitutes a composite polarization–
frequency DOF, and state Eq. (4) is maximally entangled in
this composite DOF. An advantage of such a kind of entangled
states is its versatility, since upon manipulation with simple op-
tical elements, the state of Eq. (4) can be projected on either a
polarization Bell state [38] or a two-color Bell state [33], so as to
adapt to a specific experimental context.

To reveal and quantify the entanglement level of the HPF
state, two-photon interference in a Hong–Ou–Mandel
(HOM) experiment provides a powerful tool, as it directly
probes the quantum coherence between the two components
of the state. When the signal and idler photons are delayed by a
time τ and sent into the two input ports of a balanced beam
splitter, the coincidence probability between the beam splitter
outputs can be calculated from the JSAs ϕHV and ϕVH of the
two SPDC processes:

Pc�τ� �
1

2
− Re

�ZZ
dωdω 0ϕHV �ω,ω 0�ϕ�

VH �ω 0,ω�e−i�ω−ω 0�τ
�
,

(5)

where “Re” denotes the real part. Coming back to the continu-
ous (rather than Dirac delta) expression of the joint spectra, and
considering a narrow pump bandwidth and negligible group

velocity dispersion (as justified in our experimental conditions),
the JSAs can be written as ϕα�ω,ω 0� � ϕspec

α �ω��ϕpm
α �ω−�

(with α � HV or VH ), where we have introduced
ω	 � ω	 ω 0 [39,40]. The function ϕspec

α , corresponding to
the condition of energy conservation, is given by the spectrum
of the pump beam, while the function ϕpm

α , reflecting the
phase-matching condition, is determined by the spatial proper-
ties of the pump beam [19,39]. Due to the separability of the
JSAs in ω� and ω−, the HOM coincidence probability is ac-
tually determined only by the phase-matching part of the JSAs
[40,41]. Considering a Gaussian pump spot of waist wz along
the waveguide direction, the phase-matching functions of the
two interactions can be calculated as

ϕpm
HV �ω−� �

ffiffiffi
π

p
wze−�ω−−μ�2∕2Δω2

− ,

ϕpm
VH �ω−� �

ffiffiffi
π

p
wze−�ω−�μ�2∕2Δω2

− , (6)
where Δω− �

ffiffiffi
2

p
vg∕wz is the spectral width of each interac-

tion and μ � ω1 − ω2 � vgωp�nH − nV �∕2c their spectral sep-
aration, with vg the harmonic mean of the group velocities of
the SPDC modes [39]. Inserting Eq. (6) into the expression of
the coincidence probability Eq. (5) leads to

Pc�τ� �
1

2
−
1

2
exp

�
−

τ2

2Δτ2

�
cos�μτ�: (7)

The resulting interferogram, plotted in Fig. 2(b), displays a
sinusoidal oscillation (spatial quantum beating), of frequency
μ equal to the spectral separation of the frequency modes,
and modulated by a Gaussian envelope of width Δτ �ffiffiffi
2

p
∕Δω− determined by the spectral width of each interaction.

3. EXPERIMENTS

The epitaxial structure of the sample is made of a 4.5-period
Al0.80Ga0.20As=Al0.25Ga0.75As core, surrounded by two
distributed Bragg mirrors made of a 36- and 14-period
Al0.90Ga0.10As=Al0.35Ga0.65As stacks for bottom and top mir-
rors, respectively. The Bragg mirrors provide both a vertical mi-
crocavity to enhance the pump field and a cladding for the
twin-photon modes. From this planar structure, a ridge wave-
guide (length 2.6 mm, width 5 μm, and height 7 μm) is fab-
ricated by UV photolithography followed by wet etching (see
Appendix A for more details). The waveguide facets are then
coated with a thin SiO2 film (target thickness 270 nm) depos-
ited by plasma-enhanced chemical vapor deposition (PECVD),
resulting in a ≃10% modal reflectivity for the SPDC modes.

The experimental setup is shown in Fig. 1(c). The sample
is pumped with a pulsed Ti:Sa laser of central wavelength
λp ≃ 773.15 nm, pulse duration 4.5 ps, repetition rate 76MHz,
and average power 30 mW on the sample. A cylindrical lens fo-
cuses the pump beam into aGaussian elliptical spot on top of the
waveguide (waistwz � 1 mm along the waveguide direction) at
perpendicular incidence (θ � 0°), and the generated infrared
photons are collected with two microscope objectives and colli-
mated into single-mode optical fibers (with a total chip-to-fiber
coupling efficiency ∼20%). The measured propagation losses
are of 0.6	 0.1 cm−1 for both TE and TM fundamental modes
of the waveguide. The sample temperature is stabilized at 293 K
using a Peltier controller.

We first characterize the generated quantum state by meas-
uring the JSI using a fiber spectrograph [42]. For this, the signal
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Fig. 2. (a) Simulated joint spectral intensity (JSI) of the hybrid
polarization–frequency biphoton state of Eq. (3), assuming Gaussian
phase-matching functions (see text for details). (b) Corresponding
simulated HOM interferogram, showing a sinusoidal oscillation
modulated by a Gaussian envelope.
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and idler photons are separately sent into a spool of highly
dispersive fiber, converting the frequency information into
time-of-arrival information. The latter is recorded using super-
conducting nanowire single-photon detectors (SNSPDs, of de-
tection efficiency 90%) connected to a time-to-digital converter
(TDC); long-pass filters are used to remove slight luminescence
noise from the sample. The measured JSI, reported in Fig. 3(a),
shows two well-defined frequency peaks, symmetric with re-
spect to the degeneracy wavelength, in good qualitative agree-
ment with the numerical simulation of Fig. 2(a). This can be
better seen in Fig. 3(b), showing the marginal spectrum of sig-
nal (red) and idler (blue) photons as extracted from the exper-
imental JSI. The frequency peaks have an FWHM of ≃0.5 nm
and separation Δλ � λ2 − λ1 ≃ 4.8 nm, i.e., about 10 times
higher than their linewidths. The measured Δλ is smaller than
in the simulation [6.2 nm in Fig. 2(a)], pointing to a discrep-
ancy between the experimental and simulated modal birefrin-
gence Δn � nH − nV . This could be due to a slight deviation of
the epitaxial structure from the nominal one and/or imperfec-
tions of the simulation (used material refractive indices and ex-
act etching shape of the waveguide); for large waveguides as
considered here, numerical simulations show that the epitaxial
structure (slight uncertainty in the aluminum concentration
and height of the layers) is the dominant factor.

We now perform two-photon interference in an HOM
setup [see Fig. 1(c)] to reveal the entanglement properties of
the generated HPF state. A half-wave plate (HWP) in the signal
arm and a fibered polarization controller (FPC) in the idler arm
are used to compensate for polarization rotation on the optical
path, hence maintaining signal and idler photons in the same
state as at the chip output so that they enter the beam splitter
with crossed polarizations. The resulting interferogram, shown
in Fig. 3(c) (black points with error bars), displays a clear sinus-
oidal modulation with a Gaussian envelope. Each point is ob-
tained by a 20 s integration time, and error bars are calculated
assuming a Poissonian statistics. The data are fitted (blue line)
using a modified version of Eq. (7) accounting for experimental
imperfections:

Pc�τ� �
1

2

�
1 − V exp

�
−

τ2

2Δτ2

�
cos�μτ�

�
� aτ� b, (8)

where V is the interferogram visibility, and the linear term
aτ� b accounts for a slight drift of the alignment during

the total time of the measurement. The fitted envelope width
is Δτ � 10.0 ps, in good agreement with the simulation
(10.5 ps) of Fig. 2(b). The fitted oscillation period is
2π∕μ � 1.8 ps, in good agreement with the spectral measure-
ment of the peak separation μ [Fig. 3(b)], but higher than in
the simulation (1.3 ps), for the same reasons as mentioned
above.

The experimental raw visibility is V � 70.1%	 1.1%. We
attribute the main part of the visibility reduction to the non-
zero reflectivity of the facets. Indeed, as a consequence of the
latter, the two photons of each pair have a non-zero probability
to exit through the same facet, instead of opposite ones. This
results in quantum interference between the situation where
both photons exit from one facet and the situation where both
photons exit from the other facet, leading to a modulation at a
frequency equal to the sum of signal and idler frequencies,
i.e., the pump frequency ωp. This interference occurs for a time
delay shorter than the temporal width of the SPDC photons,
and therefore, it is superimposed to the HOM interference
[43]. The corresponding period is 2π∕ωp ≃ 2 fs, which is
beyond the resolution of our HOM setup. The measured inter-
ferogram thus averages out over these rapid oscillations, reducing
the effective visibility of the fringes. For our sample with 10%
reflectivity for SPDC modes, numerical simulations including
this averaging effect predict a visibility of 82% (see Appendix A).
We attribute the remaining visibility drop to slight imperfec-
tions of the pump spatial profile and incidence angle (see
Appendix A for a detailed discussion on this effect and on other
possible causes of visibility reduction in the experiment).

Using the joint spectrum and HOM measurements, we can
now quantify the entanglement of the generated HPF state by
estimating a restricted density matrix [33] in the polarization-
frequency discrete space. The full basis would include all com-
binations of the {H , V } polarizations and {ω1,ω2} frequencies,
resulting in a 16 × 16 density matrix. However, physical con-
siderations allow for restricting the relevant basis dimension,
projecting it onto the relevant subspace. Indeed, the employed
type-II SPDC process does not allow the production of photons
of the same polarization, while energy conservation forbids the
production of photons of the same frequency; in addition, the
phase matching requires that photons of frequency ω1 (resp.
ω2) are always V (resp. H ) polarized. This leads to the follow-
ing 4 × 4 restricted density matrix:
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Fig. 3. (a) Measured joint spectral intensity (JSI) of the hybrid polarization–frequency state, and (b) corresponding marginal spectrum of signal
(red line) and idler (blue line) photons. (c) Measured HOM interferogram (black symbols with error bars) fitted with Eq. (8) (blue line). Data points
show raw (uncorrected) coincidence counts.
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ρ �

0
BB@

0 0 0 0
0 p V

2 e
iϕ 0

0 V
2 e

−iϕ 1 − p 0
0 0 0 0

1
CCA, (9)

expressed in the basis fjHω2isjVω1ii, jHω1isjVω2ii,
jVω2isjHω1ii, jVω1isjHω2iig. Parameters p (balance param-
eter) and V (visibility) are real and obey the physical constraints
0 ≤ p ≤ 1 and 0 ≤ V ∕2 ≤

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p�1 − p�p

[33].
The JSI measurement [Fig. 3(a)] yields the population term

p � 0.517	 0.005 (obtained by integrating coincidence
counts in a square window of 2 nm width centered on each
of the two spectral modes) while the HOM interferogram
[Fig. 3(c)] gives the coherence modulus V ∕2 from the visibility
deduced above; the phase φ � 0 between the two interactions
is deduced from the fact that the source is pumped by a single
pump beam. The resulting density matrix is shown in Fig. 4. It
allows to extract the purity of the generated state, P �
0.746	 0.008, its fidelity to the ideal state of Eq. (4), F �
0.851	 0.007, and its concurrence, C � 0.701	 0.011 (all
raw values). This confirms the direct generation of HPF entan-
glement by our chip-integrated source. The generation rate, es-
timated from single and coincidence counts data [44], is
≃107 pairs/s at the chip output for the used pump power
P � 30 mW incident on the sample.

4. DISCUSSION AND CONCLUSION

In summary, we have demonstrated a chip-based semiconduc-
tor source that combines polarization and frequency entangle-
ment, enabling the generation of HPF entangled photon pairs
directly at the generation stage, in two distinct spatial modes.
Such combination of DOFs provides an increased flexibility for
quantum information protocols, allowing to adapt the source to
different applications in a versatile manner. The demonstrated
device operates at room temperature and telecom wavelength
and has a strong potential for integration within photonic cir-
cuits [45–47]. Due to the direct bandgap of AlGaAs, it is also
compliant with electrical pumping, either by monolithic inte-
gration with a laser diode [48] or through adhesive bonding

of a VCSEL with a large rectangular aperture, as demonstrated,
e.g., in Ref. [49], on top of the structure.

These results could be further expanded along several direc-
tions. First, the fidelity of the experimentally generated state to
the ideal HPF state of Eq. (4) could be improved by imple-
menting a multi-layer coating of the waveguide facets, allowing
to reach modal reflectivities ≤1%. This enhancement would
lead to an expected fidelity larger than 0.93, all other factors
(including experimental imperfections) kept unchanged. The
fidelity could be further improved by correcting for the small
imperfections of the pump spatial profile (deviations from the
ideal Gaussian shape) using, e.g., a spatial light modulator.

In addition, the frequency entanglement of our HPF state
can be varied by different means. In Eq. (4), frequency entan-
glement is described as a discrete two-color entanglement,
which reflects the dominant frequency anticorrelation of the
state, but neglects intra-mode frequency entanglement,
i.e., the continuous entanglement associated with the internal
structure of each frequency mode [as determined by JSAs ϕHV
and ϕVH in Eq. (3)]. This intra-mode entanglement, which
manifests in the envelope of HOM oscillations [Eq. (7)],
can be controlled in situ. Indeed, a specific asset of our counter-
propagating phase-matched source is that the JSA can be en-
gineered through the spatial properties of the pump beam [39].
We have here implemented Gaussian JSAs [Eq. (6)], which
leads to a Gaussian envelope in the HOM interferogram;
the width of this envelope could be varied by changing the waist
of the pump beam. Going beyond, more complex types of
intra-mode entanglement could be designed by tailoring the
spatial phase of the pump beam [50,51], leading to various
envelope shapes that could be exploited, e.g., for quantum met-
rology based on HOM interferometry [26,52].

Frequency entanglement can also be tailored at the inter-
mode level, i.e., by varying the separation between the two cen-
tral frequencies (ω1 and ω2). This can be achieved by playing
with the modal birefringence of the waveguide, either in situ by
changing the working temperature, or at the fabrication step by
varying the width of the waveguide. Numerical simulations
show that the birefringence Δn � nH − nV decreases as the
waveguide width is decreased, reaching zero for a width of
≃1.3 μm. In the latter situation, the two interactions become
spectrally degenerate, and the two frequency modes collapse.
Thus, inter-mode frequency entanglement vanishes, but
intra-mode entanglement, as determined by the JSA, remains
and is decoupled from polarization entanglement. This would
lead to a hyper-entangled polarization–frequency state, in
the tensor product form �jH isjV ii � jV isjH ii�∕

ffiffiffi
2

p
⊗RR

dωdω 0ϕ�ω,ω 0�jωisjω 0ii. This situation opens stimulating
perspectives for the implementation of quantum information
tasks [53–55], in particular, in the field of quantum commu-
nication to improve bit rates and resilience to noise [56–59].

APPENDIX A

1. Sample Fabrication
From the planar AlGaAs epitaxial structure described in the
main text, ridge waveguides are patterned by photolithography
followed by wet etching. We employed UV photolithography
(MJB4 machine) with a positive photoresist S1805 (nominal

Fig. 4. Experimental reconstruction of the restricted density matrix
[Eq. (9)] of the biphoton state in the hybrid polarization–frequency
discrete space (the imaginary part is zero by construction).
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thickness of 500 nm) and a custom Cr photomask from Delta
Mask. The resist is developed using an MF-319 developer, and
the waveguides are then etched using a solution composed of
acetic acid, potassium dichromate (K2Cr2O2), and hydrobro-
mic acid (HBr) in stoichiometric proportions. This wet etching
technique yields curved sidewalls. The width value given in the
paper (5 μm) corresponds to the width at the top of the wave-
guide, while the height value (7 μm) corresponds to the total
height between the top and bottom (far from the waveguide)
of the structure. These parameters can be measured either
by SEM or a Dektak profilometer, yielding consistent results.
As mentioned in the main text, for such relatively large wave-
guide widths, we verified by numerical simulations that the pre-
cise shape of the confinement has little effect on the modal
birefringence, which is mainly determined by the epitaxial
structure.

2. Calculation of HOM Interferogram with
Fabry–Pérot Effect
We state in the paper that the non-zero reflectivity of the wave-
guide facets is the main source of limitation of visibility in
the measured HOM interferogram of the HPF state [Fig. 3(c)].
We here demonstrate it by expanding our theoretical treatment
to account for the Fabry–Pérot cavity effect induced by the
facets.

We model the HOM experiment as shown in Fig. 5, where
the letters define the subscripts used in the calculations that
follow. The source generates signal and idler photons: s and
i label the propagation directions of the generated photons in-
side the source before mixing by the Fabry–Pérot cavity
(materialized by mirrors in the figure), while R (right) and
L (left) denote the propagation directions outside the cavity.
Ports 1 and 2 are the two inputs of the beam splitter, and 3
and 4 are the two outputs between which coincidences are mea-
sured. A delay line is placed in the R path.

We start from the expression of the emitted state without
cavity effect [Eq. (3)]. The reflection and transmission coeffi-
cients (in amplitude) of the cavity are written respectively as

f r�ω� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R�1 − R�

p
exp

�
i 3ωnL2c

�

1 − R exp
�
i 2ωnLc

� ,

f t�ω� �
ffiffiffiffiffiffiffiffiffiffi
1 − R

p
exp

�
i ωnL2c

�

1 − R exp
�
i 2ωnLc

� , (A1)

where R is the modal reflectivity (in intensity) of the SPDC
modes, n their modal refractive index, and L the waveguide
length. We assume for simplicity that R and n are the same
for both polarizations (which is correct within 5% for our sam-
ple). Each waveguide facet is then modeled as a frequency-
dependent beam splitter [60], where photons can be either re-
flected or transmitted with a probability depending on their
frequency. The corresponding transformations for the â and
â† operators read

â†s,σ�ω� → f t�ω�â†R,σ�ω� � f r�ω�â†L,σ�ω�,
â†i,σ�ω� → f t�ω�â†L,σ�ω� � f r�ω�â†R,σ�ω�, (A2)

where σ stands for H or V polarization. Starting from Eq. (3),
applying transformation Eq. (A2) and adding the effect of the
delay line (delay τ) leads to the following expression for the
biphoton state just before the beam splitter:

jΨi �
ZZ

dω1dω2

	
ϕHV �ω1,ω2��f t�ω1�â†R,H �ω1�e−iω1τ

� f r�ω1�â†L,H �ω1��
· �f t�ω2�â†L,V �ω2��f r�ω2�â†R,V �ω2�e−iω2τ�
� ϕVH �ω1,ω2��f t�ω1�â†R,V �ω1�e−iω1τ�f r�ω1�â†L,V �ω1��

· �f t�ω2�â†L,H �ω2��f r�ω2�â†R,H �ω2�e−iω2τ�


j0,0i: (A3)

We then apply the usual beam splitter transformations:

â†1�ω� →
1ffiffiffi
2

p �â†3�ω� � iâ†4�ω��,

â†2�ω� →
1ffiffiffi
2

p �â†4�ω� � iâ†3�ω��, (A4)

and since we are interested in coincidence events, only the
crossed terms (of the kind â†3â

†
4 and â†4â

†
3) are considered.

The resulting effective wave function jΨci reads

jΨci �
1

2

ZZ
dω1dω2

�
A�ω1,ω2�â†3,H �ω1�â†4,V �ω2�

� B�ω1,ω2�â†3,H �ω2�â†4,V �ω1�
� C�ω1,ω2�â†3,V �ω1�â†4,H �ω2�

� D�ω1,ω2�â†3,V �ω2�â†4,H �ω1�
�
j0,0i, (A5)

where the coefficients are
A�ω1,ω2� � ϕHV �ω1,ω2��−f r�ω1�f r�ω2�e−iω2τ

� if t�ω1�f r�ω2�e−i�ω1�ω2�τ

� if r�ω1�f t�ω2� � if t�ω1�f t�ω2�e−iω1τ�,
(A6)

Fig. 5. Hong–Ou–Mandel scheme for a counterpropagating
parametric source emitting photons through both HV and VH
interactions and considering the cavity effect induced by the wave-
guide facets. The letters refer to the subscripts used in the
calculations.
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B�ω1,ω2� � ϕVH �ω1,ω2��f r�ω1�f r�ω2�e−iω2τ

� if t�ω1�f r�ω2�e−i�ω1�ω2�τ � if r�ω1�f t�ω2�
− if t�ω1�f t�ω2�e−iω1τ�, (A7)

C�ω1,ω2� � ϕVH �ω1,ω2��−f r�ω1�f r�ω2�e−iω2τ

�if t�ω1�f r�ω2�e−i�ω1�ω2�τ

�if r�ω1�f t�ω2� � if t�ω1�f t�ω2�e−iω1τ�, (A8)

D�ω1,ω2� � ϕHV �ω1,ω2��f r�ω1�f r�ω2�e−iω2τ

� if t�ω1�f r�ω2�e−i�ω1�ω2�τ

� if r�ω1�f t�ω2� − if t�ω1�f t�ω2�e−iω1τ�:
(A9)

In general, the coincidence probability Pc would consist of
four contributions corresponding to the detection ofHH , V V ,
HV , or VH photons at the beam splitter output. However,
even if the photons are mixed by the cavity, they are always
generated with crossed polarizations so that the HH and
V V events can be neglected. The coincidence probability
for theHV and VH events can be calculated as the expectation
value of coincidence operators M̂HV and M̂VH :

M̂HV �
Z

dω3â
†
3,H �ω3�j0ih0jâ3,H �ω3�

·
Z

dω4â
†
4,V �ω4�j0ih0jâ4,V �ω4�,

M̂VH �
Z

dω3â
†
3,V �ω3�j0ih0jâ3,V �ω3�

·
Z

dω4â
†
4,H �ω4�j0ih0jâ4,H �ω4�: (A10)

The resulting coincidence probabilities read

PHV �τ� � hΨc jM̂HV jΨci

� 1

4

ZZ
dω3dω4�jA�ω3,ω4�j2

� jB�ω3,ω4�j2 � A��ω3,ω4�B�ω4,ω3�
� A�ω4,ω3�B��ω3,ω4��, (A11)

PVH �τ� � hΨc jM̂VH jΨci

� 1

4

ZZ
dω3dω4�jC�ω3,ω4�j2

� jD�ω3,ω4�j2 � C��ω3,ω4�D�ω4,ω3�
� C�ω4,ω3�D��ω3,ω4��, (A12)

which leads to the total coincidence probability Pc�τ� �
PHV �τ� � PVH �τ�.

(a) (b)

(c)

Fig. 6. Simulated HOM interferogram for the HPF entangled state, taking into account the Fabry–Pérot effect of the sample with facet reflectivity
R � 10%. From (a) to (c), the time axis is zoomed around τ � 0 to show the additional modulation at the pump frequency. The scattered points are
caused by numerical artifacts in the integration.

276 Vol. 11, No. 2 / February 2023 / Photonics Research Research Article



We numerically evaluate Pc�τ� by considering Gaussian
phase-matching functions [Eq. (6)] with parameters given by
the experiment and facet reflectivity R � 0.1. Figure 6 shows
the calculated HOM interferogram for different levels of close-
up around τ � 0. The general shape of the coincidence prob-
ability [Fig. 6(a)] is similar to the case without cavity effect
[Fig. 2(b)], with a Gaussian-like envelope and a sinusoidal os-
cillation. However, zooming in we note another oscillation
superimposed to the first one [Figs. 6(b) and 6(c)]. This modu-
lation has a period of 2.3 fs, corresponding to the inverse of the
pump frequency (2π∕ωp).

As stated in the main text, the used HOM experimental
setup does not have enough resolution (i.e., mechanical and
thermal stability of the mirrors and of the delay line) to resolve
this oscillation at the pump frequency, and thus only its tem-
poral average is measured. The latter is numerically evaluated in
Fig. 7. We observe a reduction of the effective visibility of the
fringes to ≃82%. As mentioned in Section 4, using a multi-
layer instead of single-layer coating could decrease the facet re-
flectivities to ≤1%, for which the theoretical HOM visibility
would be ≥98% (all other conditions assumed to be perfect).

The experimentally measured visibility is ≃70%. We attrib-
ute the additional visibility drop (with respect to the above si-
mulated 82%) to slight imperfections of the pump spatial
profile and incidence angle, not considered in the simulation
above. These pump imperfections, when considered alone, typ-
ically lead to a ≃10% visibility reduction as we observed in
Ref. [50] by carrying out the HOM experiment in a very sim-
ilar sample, but in a simpler situation where only photons from
a single nonlinear interaction were considered.

Other possible sources of visibility reduction could in prin-
ciple be related to multi-pair emission or sample photolumines-
cence. The coincidence-to-accidental ratio (CAR) measured in
the experiment is 42, where accidental coincidences are domi-
nated by coincidences between an “orphan” photon (whose
twin has been lost or undetected) and a noise count coming
from photoluminescence, multi-pair emission (photon coming
from another, uncorrelated pair), or detector dark count. The
high measured CAR suggests that photoluminescence and
multi-pair emission are maintained to a low level in the experi-
ment, thus having a negligible impact on the HOM experi-
ment. This is corroborated by the fact that no detectable
increase of HOM visibility was observed when reducing the
pump power in our experiments.
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