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Non-phase-matched spontaneous parametric down-conversion (SPDC) in

atomically thin materials provides new degrees of freedom and enhanced
quantum information capacity compared to conventional phase-matched

sources. These systems emerged as promising platforms for quantum com-
puting, communication, and imaging, with the potential to support higher-
order nonlinear processes. However, direct observation of photon-pair emis-
sion from a monolayer has remained experimentally challenging. In this work,
we theoretically modeled SPDC emission across the full angular space from a
monolayer GaSe film and experimentally validated the model through mea-

surements of both co- and counter-propagating photon pairs. We demon-
strated two-photon quantum correlations in the telecom C-band from a
monolayer SPDC source. The spatially symmetric, broadband emission pre-
dicted by theory was confirmed experimentally. Furthermore, we observed
high-fidelity Bell states in the counter-propagating configuration. Our results
revealed the emission characteristics of SPDC in the deeply subwavelength,
non-phase-matched regime, and introduced atomically thin, counter-
propagating SPDC as a scalable and integrable platform for programmable
quantum state generation, extendable via moiré superlattice engineering.

Entangled photon source generated from spontaneous parametric
down conversion (SPDC) is one of the most common source used in
quantum communication?. Improving the quantum information
capacity of SPDC sources is crucial for advancing scalable quantum
communication networks®>. The quantum capacity of SPDC sources is
critically influenced by factors of bandwidth and spatial emission
ranges. However, conventional SPDC processes are limited by strict
phase-matching requirements, which restrict both the emission
bandwidth and the range of emission angles®. Recently, there has been
growing interest in non-phase-matched SPDC processes, as these allow
for much larger phase mismatches, resulting in broader bandwidths

and potentially greater quantum information capacity®’. Theoretical
models indicate that by using ultra-thin films for SPDC sources, emis-
sion angles could surpass traditional limits, enabling photon pairs to
be emitted over a full 41 solid angle, vastly expanding the emission
range®’. This 4m emission characteristic enables SPDC to simulta-
neously support co-propagating, back-propagating, and counter-
propagating photon pairs, providing greater flexibility in emission
control.

While counter- and back- propagating SPDC has been demon-
strated in periodically poled nonlinear crystals and waveguides'®™, as
well as engineered metasurfaces'*™, these approaches rely on
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fundamentally different physical mechanisms. In periodically poled
structures, quasi-phase matching (QPM) is employed to compensate
for phase mismatch in a nonlinear medium, enabling directional
biphoton emission dictated by the material’s dispersion and poling
period. In contrast, metasurfaces harness subwavelength nanos-
tructures to locally enhance nonlinear interactions and precisely con-
trol emission angles".

Two-dimensional (2D) materials have gained attention as pro-
mising platforms for SPDC. In particular, monolayer systems offer
atomic-scale thickness and flexible interlayer control, making them
attractive for integration with micro cavities, photonic fibers, or to
form van der Walls heterostructures®”. Early studies investigated
SPDC in monolayer transition metal dichalcogenides (TMDs), but no
unambiguous SPDC signals were detected due to significant photo-
luminescence (PL) background and low photon count rates’”°. Sub-
sequent advancements in materials science revealed that
rhombohedral (3R)-stacked vdW structures could maintain broken
inversion symmetry even with increasing layer numbers, enabling
efficient second-harmonic generation (SHG) in multilayered forms®.
Unlike 2H stacking, where adjacent layers undergo a 180° rotation that
restores global inversion symmetry and thereby suppresses second-
order nonlinear optical processes, 3R stacking exhibits a translational
shift along the c-axis without such rotational symmetry**?. Following
these developments, SPDC was successfully demonstrated in NbOCl,
thin film (down to 16nm thick with potential resonant
enhancement)*?, as well as in 3R-stacked MoS; (down to
294 nm)”* BN (down to 463nm)* and WS, (down to 350nm
thick)®, marking a significant step forward for SPDC in layered 2D
materials. However, two main challenges limit SPDC observation in
further thinner platforms. First, although 2D materials like 3R-TMDs
exhibit second-order nonlinear susceptibilities significantly higher
than traditional nonlinear crystals (e.g., BBO and lithium niobate), the
absolute conversion efficiency remains much lower in ultra-thin films
than in bulk crystals*. Second, PL emissions from 2D layers thin film
can generate strong backgrounds that obscure the SPDC signal. These
emissions are sometimes defect-related and vary widely in wavelength,
making them unpredictable and difficult to filter®****. Gallium selenide
(GaSe) monolayers present a potential solution to these challenges.
SHG measurements and earlier studies have shown that GaSe mono-
layers exhibit nonlinear responses 1-2 orders of magnitude stronger in
the NIR region than TMD monolayers®. Unlike TMDs, GaSe transitions
to an indirect bandgap structure in films as thin as four atomic layers,
rendering PL emissions from GaSe monolayers negligible (Supple-
mentary Fig. 1)*. This unique property makes GaSe monolayers par-
ticularly attractive for SPDC sources capable of operating across a wide
spectral range, without interference from fluorescence.

In this study, we used an angular-frequency model to explore the
unique phase-matching conditions for SPDC biphotons generated in a
GaSe monolayer—a IlI-VI semiconducting metal monochalcogenide
characterized by its high second-order nonlinearity in NIR and scalable
broken symmetry, similar to 3R-TMDs and NbOCl,*. Our experiments
demonstrated both co-propagating and counter-propagating SPDC
processes within the C-band telecom range produced by the GaSe
monolayer, highlighting spatial emissions under deeply sub-
wavelength, non-phase-matched regime. To further characterize the
quantum properties of these biphotons, we conducted spectral ana-
lysis and polarization entanglement measurements on the counter-
propagating SPDC pairs through quantum state tomography (QST).
Our results confirmed the generation of maximally entangled Bell
states with fidelities of 0.82 and 0.76, respectively. These findings
highlight the promise of GaSe monolayers as compact, integrated
sources for quantum photonics, effectively overcoming traditional
phase-matching limitations and enabling robust, tunable biphoton
generation in ultra-thin platforms for advanced quantum information
technologies.

Results and discussion

Theoretical analysis of spatially symmetric SPDC from a
monolayer

In traditional thick SPDC sources, precise control over sample thick-
ness and wavelength is essential for minimizing phase mismatch and
achieving high efficiency. In contrast, sub-wavelength SPDC sources
take advantage of their limited interaction lengths, which restrict the
waves from propagating sufficiently to accumulate significant phase
differences and destroy the signals®. Consequently, as the interaction
length decreases in nonlinear materials, the allowable longitudinal
mismatch increases, as depicted in Fig. 1a. The enhanced tolerance for
phase mismatch not only facilitates the generation of signal and idler
photons over a broader spectral range—leading to increased band-
width—but also allows photon pairs to be emitted across a wider range
of angles, producing a broader angular spectrum rather than being
confined to a narrow emission cone®*,

Our theoretical predictions use a well-established model from
previous research, including the foundational description by Okoth et
al.”, as well as the framework detailed by Davoyan et al.** (Supple-
mentary Note 1). In a simplified form, the probability of photon-pair
emission in a medium of length L with a nonlinear susceptibility y® is
given by

R o X(2°L*F (MK )F 5 (AK ) @

where F,, (Ak,) is the phase-matching function and F,(Ak ) is the
pump function. This model assumes a Gaussian pump beam with a
waist radius w, propagating in the longitudinal direction. The signal
and idler wavevectors can be represented as k =k, + k, , where k is the
component parallel to the pump direction, and k, is the component
perpendicular to the pump propagation. The phase-matching func-
tion, F,,(Ak,)=sinc’>(Ak,L/2), controls the spectral width and
angular width of the possible photon-pair emission. In contrast, the
pump function, F,(Ak, )= exp [— (Ak,wy)?/2|, depends on the
transverse wavevector mismatch Ak, = (k;, +k;,) and defines the
correlations between the signal and idler angles of emission as the
energy conservation is preserved.

For sample with ultra-thin interaction lengths L, the long-
itudinal wavevector mismatch Ak = (k, — kg — k,-@, where k,, is the
pump wavevector, is allowed to become large, effectively relaxing
phase-matching requirements and approaching a non-phase-
matched regime. This leads to a broad frequency spectrum, in
stark contrast to the significantly narrower spectrum characteristic
of macroscopically thick, phase-matched SPDC crystals®. In this
extreme regime, photon-pair emission is entirely governed by the
pump function Fp(Akl). The calculated angular-frequency spec-
trum for monolayer GaSe (Fig. 1b) reveals key insights into photon-
pair correlations, demonstrating that the SPDC emission is ultra
broadband and spatially symmetric, with equal likelihood in both
forward and backward directions.

Further exploration of the angular emission characteristics of
signal and idler photons provides deeper understanding. Figure 1c and
Fig. 1d present the calculated angular emission spectra for signal (pink)
and idler (blue) photons, integrated across the entire frequency
bandwidth, for a monolayer GaSe sample and a 216-layer GaSe sample,
respectively. The cross-sections of the 3D emission spatial profiles for
the two samples (Supplementary Fig. 2) illustrate the number of signal
and idler photons emitted within sectors defined by infinitesimally
small arc angles. These plots reveal that the probabilities of signal and
idler emission vary with angle, a behavior governed by material dis-
persion and influenced by the interplay between phase-matching and
pump functions. It is evident that as the thickness of the sample
increases, the dominance of emission in the forward direction
becomes more pronounced.
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To clarify the underlying physical process, we plot the signal
and idler emission of monolayer as a function of the emission angle,
integrated over an experimental frequency bandwidth (Fig. 1e). Four
possible photon-pair generation scenarios emerge: (I) both the sig-
nal and idler photons emitted in the forward direction, (Il) the signal
emitted in the forward direction with the idler in the backward
direction, (Ill) the reverse of scenario Il, and (IV) both photons
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emitted in the backward direction. For a monolayer, each scenario
occurs with equal probability. Notably, when performing a correla-
tion measurement by detecting counter-propagating photons, the
likelihood of detecting photon pairs is twice as high as when mea-
suring in either the forward or backward direction alone. This factor
of 2 arises from the simultaneous detection of forward-backward
propagating single-idler and idler-signal photon pairs. As sample
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Fig. 1| Theoretically predicted symmetric probability of photon-pair genera-
tion from a monolayer via the non-phase matched spontaneous parametric
down-conversion (SPDC). a Conceptual illustration showing the SPDC processin a
X2 (x? denote the second-order nonlinear susceptibility) nonlinear medium with
thickness L (left) and the allowed wavevector mismatch Ak inversely proportional
to /L (right), where kg, k,, k; denote the pump, signal, and idler wavevectors,
respectively. b Calculated frequency-angular spectrum of non-phase-matched
SPDC from a GaSe monolayer, where V ; denote the frequencies (in THz) of the
signal and idler photons, respectively. Dashed lines depicting the experimental
collection angle in the forward direction. Simulated spatial angular emission pro-
files of the signal and idler photons from a monolayer (c) and a 216-layer GaSe

sample (d), respectively, with the red arrow indicating the direction of the pump
laser. The light green sheets represent the samples. For the monolayer, the emis-
sion profile is symmetric, producing SPDC photons equally in the forward and
backward directions. However, as the thickness of the nonlinear medium increases,
the SPDC emission becomes predominantly forward-directed, reflecting the influ-
ence of increased material thickness on phase-matching conditions. Simulated
signal and idler emissions from a monolayer (e) and a 216-layer GaSe sample (f),
respectively, plotted as a function of emission angles and integrated over the
experimental frequency bandwidth. The dashed boxes, each with a size of 0.2
radians, represent the collection angles for the four SPDC scenarios detailed in the
main text.

thickness increases, however, this symmetry gradually breaks. For
instance, in the 216-layer sample shown in Fig. 1f (with angular-
frequency spectrum calculated in Supplementary Fig. 3), photon
pairs are more likely generated in the forward (co-propagating)
direction, reducing the counter-to-co-propagating pair ratio to less
than 0.25. This result shows that emission symmetry can break down
even well below the coherence length. At 1550 nm, GaSe’s coherence
length is around 3.5um, yet a 173 nm (216-layer) sample already
shows significant asymmetry. At shorter excitation wavelengths
such as 405 nm, stronger dispersion reduces the coherence length
to <200 nm, making the spatial emission more thickness sensitive
(Supplementary Fig. 4b-d). Simulations indicate that only mono-
layer or few-layer GaSe can retain near-ideal spatial symmetry in the
visible regime. Therefore, under short-wavelength excitation and in
applications demanding high spatial indistinguishability of photon
pairs—such as quantum imaging**>, high-dimensional quantum

communication, quantum key distribution®’, and quantum
metrology*>****—monolayer GaSe becomes a particularly attractive
platform.

Experimental demonstration of bidirectional SPDC

To experimentally validate these concepts, we first prepared a sample
of GaSe monolayer on fused silica, an optically transparent substrate
spanning the visible to near-infrared range, as shown in Fig. 2a (details
in Methods). Then we built an SPDC setup based on the Hanbury-
Brown and Twiss topology (Fig. 2b; details in Methods and Supple-
mentary Note 2) capable of measuring both co-propagating and
counter-propagating photons from GaSe monolayer. The setup is
carefully optimized to ensure equal optical loss in both scenarios,
enabling a direct and unbiased comparison of photon-pair emission
from the GaSe monolayer. With only two SPADs available, measure-
ments for each scenario were taken separately: both detectors were
placed in the forward direction for the co-propagating measurement,
while one detector was placed forward and the other backward for the
counter-propagating photon-pair detection. As a potential extension
of this system, we further proposed and simulated a fiber-integrated
platform, where a monolayer GaSe is positioned at the shared focal
plane of two opposing Fresnel lenses. This design not only preserves
the intrinsic forward-backward symmetry of SPDC emission but also
enables direct coupling of photon pairs into optical fibers, offering
enhanced collection efficiency and integrability. The full simulation
results and structural schematics are presented in Supplementary
Note 3 and Supplementary Fig. 5.

We measured correlations for both scenarios as a function of
pump power (Fig. 2¢). As predicted by theory, this dependence is linear
with pump power, and the slopes of the fitted curves reveal a twofold
increase in the probability of photon-pair emission in the counter-
propagating configuration compared to the co-propagating one. This
resulted in maximum coincidence rates, corrected for the optical
losses from the setup and detector efficiency (Supplementary Note 4),
of 8.4 Hz for the counter-propagating scenario and 4 Hz for the co-
propagating scenario at a pump power of 40 mW.

To verify generation of non-classical correlated photon pairs, we
performed the g® (1) second-order correlation measurement. The
measured g (1) functions for amonolayer at a pump power of 40 mW
(Fig. 2d) show g?(0) peaks of 1.75 for the co-propagating case and 3.3
for the counter-propagating case. Since g?(0) is positively correlated
with the signal-to-noise ratio under low photon flux conditions, the
reduced photon-pair generation probability and the higher back-
ground noise for the both forward-direction-positioned detectors
(e.g., residual pump scattering and Raman noise) in the co-propagating
case naturally leads to a smaller g?(0) value. While the g®(0) value of
1.75 for the co-propagating scenario is slightly below the classical
threshold of 2, it still indicates the presence of photon-pair correla-
tions, This reduction is primarily due to the relatively low coincidence
rate from monolayer GaSe compared to thicker samples. In contrast,
the g@(0) value of 3.3 in the counter-propagating case provides strong
evidence for SPDC generation from a GaSe monolayer in this experi-
mental setup. For comparison, we also measured the counter-to-co-
propagation coincidence ratio for a 216-layer GaSe sample (Fig. 2e),
confirming our theoretical predictions that photon pairs are pre-
dominantly generated in the forward direction. The measured g? (1)
functions for both scenarios are provided in Supplementary Fig. 6.

To showcase the remarkably broad photon-pair emission band-
width, we performed an SPDC spectrum measurement. To maximize
detection efficiency of the setup, we removed the 50/50 beam splitter
and configured the system in a counter-propagating arrangement. To
control the wavelengths detected, we placed fiber-coupled tunable
filters (details in Methods) before each detector, setting each mea-
surement at a specific wavelength with a bandwidth of 10 nm. Due to
detector bandwidth limitations, we were only able to record coin-
cidences in the 1460-1650 nm range. However, as shown in Fig. 2f, this
represents just a small portion of the total emission bandwidth pre-
dicted by our model. Theoretical calculations—based on our experi-
mental collection angle—indicate a frequency bandwidth of ~-100 THz
(Supplementary Fig. 4a). Assuming a Lorentzian emission profile, this
corresponds to a biphoton temporal correlation time of 3.2 fs, opening
opportunities for advanced applications in ultrafast quantum optics
and quantum information science*™*5,

Counter-propagating entanglement from GaSe monolayer

The GaSe retains its D'3, symmetry group from monolayer to bulk
crystal form®. In this symmetry, four non-zero tensor elements
contribute to the second-order susceptibility, with the relationship
Xegy X33y = — Xymx = — X = — X\o, where x and y are the in-plane
Cartesian coordinates representing the polarizations of the SH and
fundamental fields. As Klimmer et al. noted*’, these x and y direc-
tions correspond to the zigzag (ZZ) and armchair (AC) orientations
of the crystal lattice, respectively. A six-fold symmetric,
polarization-dependent SHG response was observed in GaSe (see
Supplementary Fig. 7). In our prior work, we demonstrated co-
propagating Bell-state generation by exploiting these non-vanishing
nonlinear susceptibilities in 3R-Mo0S,”. As shown in Fig. 3a, by
adjusting the pump polarization along the AC and ZZ orientations of

Nature Communications | (2025)16:9616


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64620-7

a
o
%
i
Ga
/[\C
C
12
N @ Counter
L @ Co
o 9t —_— F!tting, Counter 4
© —— Fitting, Co Y
Q
o
c
)
S 6f o 2
5=
Q
O )
3
L ?
g 9
Q
(&)
0 1 1 1 r
0 10 20 30 40 50
Pump power (mW)
e
25
20F
Q
15¢
00
=5
2
c
3
O 1.0
0.5F
0.0 |
1L 216 L

Layer numbers

the crystal lattice, we can generate Bell states of different forms:
with pump polarization along the AC orientation, we produce the
state |@~)=1/2(|HH) — |VV)), and along the ZZ orientation, we pro-
duce [W*)=1/2(|HV) +|VH)).

Building on this knowledge, we extended our approach to
monolayer GaSe, achieving Bell-state generation in a monolayer vdW
material. To enable this, we modified the SPDC setup to operate in the
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counter-propagating configuration and incorporated two sets of
polarization optics for QST (Fig. 3b, details in Methods). The density
matrix p for the quantum states in both the AC and ZZ directions was
reconstructed using maximum likelihood estimation, based on 16
required measurements as detailed in Supplementary Note 5 °°!,
Given the low photon-pair production rate, we recorded each mea-
surement over a 2-h period to accumulate sufficient statistics. The
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Fig. 2 | Experimental demonstration of co- and counter-propagating SPDC
from a GaSe monolayer. a Left: Van der Waals molecular structure of GaSe
depicted from both top and side views, with the coordinate system defined by the
armchair (AC) and zigzag (ZZ) directions of the crystal. Right: Optical microscope
image of a monolayer GaSe sample exfoliated on fused silica substrate. The inset, a
magnified view of the dashed box, shows the AFM (Atomic force microscopy)
image and corresponding thickness profile of the monolayer region.

b Experimental setup for co- and counter-propagating SPDC and the spectrum
measurement (details in Methods and Supplementary Note 2). CW (Continuous
Wave) laser pump at 775 nm. The monolayer and bulk GaSe flakes were exfoliated
onto fused silica substrates. DBS dichroic beam-splitter, BS broadband 50/50
beam-splitter, L mode-matching lens, LPF long-pass filter, TBPF tunable band-pass
filter, FC fiber coupler, SPAD single-photon avalanche diode detector, TCSPC time-
correlated single-photon counting module. ¢ Measured pump-power-dependent
coincidence rates from a monolayer GaSe sample in both co- and counter-
propagating configurations, within a detection bandwidth of 1460-1650 nm and an

experimental collection angle of 0.2 radians. Data points represent experimental
measurements, and solid lines represent linear fits to the data. The rates have been
corrected for optical losses in the setup and for detector efficiency. The error bars
represent the standard deviations of SPAD counts per measurement. d Measured
second order correlation function g (¢) from a monolayer GaSe sample in co-
propagating and counter-propagating scenarios, with average excitation power
P=40mW and integration time 3 h. e Measured coincidence ratio between coun-
ter- to co-propagating SPDC from a monolayer and a 216-layer GaSe sample. Data
points represent the experimental measurements, and solid lines represent theo-
retical fits based on the expected temporal correlation model. The error bars
represent the propagated standard deviations of the coincidence ratios.
fSimulated and measured (inset) SPDC bandwidth from a GaSe monolayer, with the
SPDC emission rate at 1550 nm normalized to 1. The red dashed lines indicate the
experimentally measured wavelength range (1460-1650 nm), as shown in the inset.
The calculated bandwidth spans 900 nm, corresponding to ~100 THz. The error
bars represent the standard deviations of SPAD counts per measurement.

resulting fidelity matched closely with ideal Bell states, yielding fide-
lites F,=0.82 and F,,=0.76 (concurrence C,-=0.82 and
C;,=0.59) for the |®~) (Fig. 3c) and |¥") (Fig. 3d) Bell states,
respectively. These slightly reduced fidelities are mainly due to
detector dark counts level. We further verified that higher fidelities can
be achieved in this experimental configuration by using thicker sam-
ples, which yield a higher ratio of true photon-pair coincidences to
accidental coincidences. For instance, using a 90-layer thick GaSe
sample (Supplementary Fig. 8), we achieved fidelities F,-=0.98 and
F,,=0.98 (concurrence C,-=0.97 and C,,=0.98), affirming the
precision of our setup and the performance of the optical compo-
nents used.

In conclusion, we extended the established microscale theory of
non-phase-matched SPDC to the nanoscale and applied it to model the
spatial emission dynamics in monolayer films. Experimentally, we
validated the spatially symmetric photon-pair emission under the non-
phase-matched regime in a monolayer GaSe within the telecom
C-band. Additionally, we demonstrated tunable polarization-
entangled Bell states in the counter-propagating geometry.

The broadband 4m emission, alongside high entanglement fide-
lity, establishes this platform as a promising source for high-
dimensional photonic states. Future advances in materials—such as
BN, SnP,Ses** ™, and moiré-engineered heterostructures—may fur-
ther extend the operational range and enable complex entanglement
states and photon indistinguishability™ %, While the current efficiency
is limited by the monolayer’s sub-nanometer interaction length, sev-
eral photonic strategies have emerged to enhance brightness, includ-
ing metasurface®, cavity coupling®®®, lens integration, waveguide
integration®*®*, and phase matching via twisted stacking® . These
developments collectively suggest a viable route toward bright, scal-
able, and integrable quantum light sources based on monolayer.

Methods

Material fabrication and thickness characterization

GaSe crystals (from 2D semiconductors) were synthesized using the
Bridgman method and subsequently mechanically exfoliated onto
500 um fused silica substrates, which exhibit low dielectric screening,.
Supplementary Fig. 9 details the dielectric screening effects of various
substrate and encapsulation schemes, which are consistent with our
previous studies®®. Characterization of the samples was conducted
using PL spectroscopy with a Horiba LabRAM system. For GaSe thin
films, a Bruker MultiMode Ill AFM was employed to determine their
thickness.

Spontaneous parametric down-conversion
An amplified 1550 nm single-mode CW laser was directed into a reso-
nant bow-tie cavity containing a 15mm long periodically poled

potassium titanyl phosphate crystal. This setup generated 775 nm light
through SHG, which was then fiber-coupled and used as the pump
source for SPDC experiments.

In the setup for analyzing co- and counter-propagating SPDC in
monolayer GaSe (additional details in Supplementary Note 2), the
775 nm pump beam was focused onto the GaSe sample through a high-
NA aspheric lens, achieving a 10 pm beam waist. Forward propagating
SPDC photons were collected with an identical aspheric lens and the
pump laser was blocked by two long-pass filters. A broadband 50/50
beam splitter was used for correlation measurements, with both
reflected and transmitted beams coupled into a pair of multimode
fibers. Backward propagating SPDC photons were collected through
the same aspheric lens used for focusing the pump, reflected off the
dichroic mirror, filtered from the residual pump, and coupled into a
multimode fiber using identical components. For photon detection,
two SPADs were used, and the time-correlated single-photon counting
(TCSPC) system was connected to both SPADs to process the photon
pair correlations. Note that the goal of our study was not to investigate
the spatial correlations of SPDC photon pairs. Instead, we measured
the emission rate of photon pairs emerging from the sample within
collection cones defined by the detection angle 8 4., =NA/Ng,se, USiNg
lenses with identical numerical apertures to collect both co- and
counter-propagating photons.

For frequency spectrum and QST measurements, we employed a
counter-propagating setup, doubling photon-pair detection efficiency
compared to the co-propagating regime (see main text). This setup
excluded the 50/50 beam splitter, coupling all forward-propagating
photons into a single multimode fiber. This configuration maximizes
efficiency and accommodates the use of only two SPAD detectors
available for the experiment. Tunable fiber-coupled bandpass filters,
set at 10 nm bandwidth, were used for spectral measurements. Polar-
ization entanglement was assessed via QST using quarter-wave plates,
half-wave plates, and broadband linear polarizers in each arm.

Polarization entangled quantum state tomography

For QST, we pumped along the crystal axis of the sample, either in the
AC or ZZ direction. Using polarization-dependent SHG measurements
(details in Supplementary Note 6), we first identified the crystal axis,
then adjusted the pump polarization accordingly. For the SPDC pho-
tons, the half-wave and quarter-wave plates were set to align the crystal
axis polarization with the output polarizer. We performed QST by
measuring each photon of the SPDC pair in the H, V, D, A, R, and L
polarization bases, selecting 16 combinations to reconstruct the
entangled state’s density matrix p. The reconstruction was carried out
using maximum likelihood estimation, as detailed in Supplementary
Note 5 and following the methodology established in our previous
work?.
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Armchair-excitation

Re p
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Fig. 3 | Counter-propagating polarization-entangled photon pairs from a GaSe
monolayer. a Schematic of entangled photon pairs generated in GaSe monolayer,
with the two Bell states |@~) =1/2(|HH) — |VV))and|¥ ") =1/2(|HV) + |VH)) corre-
sponding to the pump polarization aligned with armchair (AC) and zigzag (ZZ)
directions, respectively. b Experimental setup for counter-propagating QST

GaSe
CWpump -

T |

pBs LPF L4

Zigzag-excitation

Imp

(Quantum state tomography). HWP: half wave plate, QWP: quarter wave plate, Lin.
Pol.: linear polarizer. Experimentally measured (top) and simulated (bottom) Bell
states for AC (c) and ZZ (d) pump excitations, respectively. The quantum state
density matrix, p, was reconstructed using maximum likelihood estimation, lever-
aging 16 measurements required for QST*%*.,

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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