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Ultrathin quantum light source with van der 
Waals NbOCl2 crystal

Qiangbing Guo1,2,3,14 ✉, Xiao-Zhuo Qi4,5,14, Lishu Zhang6,14, Meng Gao7,14, Sanlue Hu8, 
Wenju Zhou9, Wenjie Zang1, Xiaoxu Zhao10, Junyong Wang3,6, Bingmin Yan9, Mingquan Xu7, 
Yun-Kun Wu4,5, Goki Eda3,6, Zewen Xiao8, Shengyuan A. Yang11, Huiyang Gou9, 
Yuan Ping Feng3,6, Guang-Can Guo4,5,12, Wu Zhou7,13, Xi-Feng Ren4,5,12 ✉, Cheng-Wei Qiu1,3 ✉, 
Stephen J. Pennycook2,7 ✉ & Andrew T. S. Wee3,6 ✉

Interlayer electronic coupling in two-dimensional materials enables tunable and 
emergent properties by stacking engineering. However, it also results in significant 
evolution of electronic structures and attenuation of excitonic effects in 
two-dimensional semiconductors as exemplified by quickly degrading excitonic 
photoluminescence and optical nonlinearities in transition metal dichalcogenides 
when monolayers are stacked into van der Waals structures. Here we report a van der 
Waals crystal, niobium oxide dichloride (NbOCl2), featuring vanishing interlayer 
electronic coupling and monolayer-like excitonic behaviour in the bulk form, along 
with a scalable second-harmonic generation intensity of up to three orders higher 
than that in monolayer WS2. Notably, the strong second-order nonlinearity enables 
correlated parametric photon pair generation, through a spontaneous parametric 
down-conversion (SPDC) process, in flakes as thin as about 46 nm. To our knowledge, 
this is the first SPDC source unambiguously demonstrated in two-dimensional layered 
materials, and the thinnest SPDC source ever reported. Our work opens an avenue 
towards developing van der Waals material-based ultracompact on-chip SPDC 
sources as well as high-performance photon modulators in both classical and 
quantum optical technologies1–4.

SPDC, a second-order nonlinear optical (NLO) process in which one 
photon is fissioned into a pair of correlated photons under energy and 
momentum conservation, lies at the core of quantum light sources for 
modern quantum technologies1–4. At present, SPDC-based quantum 
light sources are typically enabled by second-order NLO bulk crystals 
such as beta barium borate and lithium niobate (LiNbO3)3,4, which, 
however, are intrinsically disadvantageous for hybrid integrated 
quantum photonics on platforms that are compatible with comple-
mentary metal–oxide–semiconductor technology owing to their 
three-dimensional (3D) covalent bonding nature, in addition to the 
relatively weak nonlinearities. The 2D layered materials, with unique 
van der Waals structure, enable bond-free integration without lattice 
and processing limitations5

. They also show enhanced many-body elec-
tronic effects and relaxed phase-matching conditions, leading to large 
optical nonlinearity at the 2D limit6–9, and have therefore attracted 
intense interest for integrated NLO optoelectronics and photonics1,5. 
However, to our knowledge, no unambiguous evidence of any SPDC 

process has ever been observed in 2D layered materials, primarily owing 
to low second-order NLO conversion efficiencies in the layered materi-
als reported so far4,10,11.

On one hand, the nonlinear conversion efficiency is restricted by the 
vanishing light–matter interaction length due to the atomic thick-
ness6,8. For example, the absolute light–matter interactions in mon-
olayer transition metal dichalcogenides (TMDCs) are too weak for 
practical applications, despite their extremely large second-order 
susceptibility6. On the other hand, the nonlinear efficiency of many 2D 
layered materials is not scalable with thickness for two reasons, the 
first being the centrosymmetry variation with layer number8,12. Typi-
cally, TMDCs usually stack in the 2H polytype by alternate orientation 
of each monolayer along the c axis, thus only odd layers have nonzero 
χ (2) under the electric dipole approximation13,14. This is also applicable 
to other 2D materials including hexagonal BN, group IV monochalco-
genides15, PdSe2 (ref. 16) and AgInP2S6 (ref. 15). The second reason is the 
significantly modified electronic structure due to strong interlayer 
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electronic coupling and dielectric screening that leads to decreased 
nonlinearity in addition to the self-absorption effects12–18, such as in 
TMDC odd layers12–14, α-In2Se3 (ref. 18) and 3R-MoS2 (refs. 8,15).

Therefore, a van der Waals crystal with a scalable second-order NLO 
response is highly desirable, especially for the rapidly developing 
hybrid integrated photonic platforms in which facile van der Waals inte-
gration will facilitate unprecedented technology opportunities1,5,19,20. 
Here we report a van der Waals crystal, NbOCl2, that features vanish-
ing interlayer electronic coupling and a considerable monolayer-like 
excitonic effect, strong structural polarity and anisotropy, as well as 
a scalable and strong second-harmonic generation (SHG) response 
of up to three orders of magnitude greater than that in monolayer 
WS2. The giant classical second-order nonlinearity stimulates us to 
explore its quantum counterparts providing the quantum–classical 
correspondence10. Nonclassical parametric photon pair generation 
through the SPDC process was unambiguously observed in flakes 
as thin as about 46 nm, with a figure of merit for SPDC efficiency as 
large as 9,800 GHz W−1 m−1, holding great potential for constructing 
chip-integrated SPDC sources10,21. Our work demonstrates NbOCl2 as 
a giant second-order NLO van der Waals crystal with great potential for 
applications in both classical and quantum nonlinear optical systems.

Crystal characterization
NbOCl2 crystallizes in the C2 space group22,23 with a van der Waals stack-
ing behaviour along the a axis (Fig. 1a,b and Supplementary Fig. 1) 
and an interlayer distance of about 0.65 nm. Nb atoms exhibit a 1D 
Peierls distortion23, resulting in a polarization along the b axis and two 
alternating unequal Nb–Nb distances (that is, L1 ≠ L2) along the c axis 
(Fig. 1a), which can be directly observed by atomic-resolved annular 
dark-field scanning transmission electron microscopy (ADF-STEM) and 
confirmed by the corresponding simulated images (Fig. 1c–e and Sup-
plementary Fig. 3), in which alternate Nb–Nb distances can be clearly 
identified (Fig. 1d,e). The single-crystalline nature was further checked 

and collaboratively confirmed by X-ray diffraction (Supplementary 
Fig. 2), fast Fourier transform pattern analysis (Fig. 1f) and electron 
energy-loss spectroscopy (EELS) mapping images (Fig. 1g and Supple-
mentary Fig. 4). Notably, NbOCl2 crystals can be easily exfoliated by the 
normal mechanical exfoliation method. Monolayer and few-layer flakes 
are regularly obtained as well as large rectangular thin flakes (lateral 
size up to 102 μm) with sharp edges (Supplementary Fig. 5), indicative 
of weak interlayer interaction and strong intralayer crystallographic 
anisotropy. The exfoliated flakes are stable under ambient conditions 
with no obvious change in 2 weeks (Supplementary Figs. 6 and 7).

Vanishing interlayer electronic coupling
The layer-dependent electronic structures were characterized by 
STEM-based valence EELS, which is a powerful tool for studying opti-
cal excitations in nanostructures with ultrahigh spatial and energy 
resolutions24. Figure 2a shows the normalized EELS results for different 
layers, in which we can see that the optical excitation starts from around 
1.6 eV (see enlargements in Fig. 2b) but remains at a low intensity up to 
3 eV. Significant optical excitation appears only after 3 eV and comes 
to its first peak at around 4 eV. It is interesting to note that the optical 
excitation onset energy for different layers exhibits almost no energy 
shift (experimental energy resolution of 0.021 eV); that is, it is insensi-
tive to thickness (or layer number; Fig. 2b and Supplementary Fig. 8). 
As seen from Fig. 2c and Supplementary Table 1, this is in stark contrast 
with other typical 2D layered materials, especially TMDCs and black 
phosphorus whose bandgaps evolve significantly with layer number 
owing to considerable interlayer coupling25,26.

The weak evolution of the onset optical excitation is supported by 
the electronic structure calculations. The Heyd–Scuseria–Ernzerhof  
hybrid functional method27 was first adopted for the calculation 
(detailed results are presented in Supplementary Fig. 9, and compared 
in Fig. 2c), which shows a very weak bandgap evolution from the mon-
olayer (1.99 eV) to the bulk (1.98 eV) form along with a dispersionless 
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Fig. 1 | Structural characterization. a, Out-of-plane (top) and in-plane 
(bottom) representations of the crystal structure of NbOCl2. The thickness of a 
single layer is about 6.5 Å. NbOCl2 crystallizes in the C2 space group, in which 
Nb atoms show a 1D Peierls distortion, inducing a polarization along the b axis 
and two alternating unequal Nb–Nb distances (that is, L1 ≠ L2) along the c axis. 
b,c, Cross-sectional atomic-resolution ADF-STEM images of the crystal viewed 
along the b axis (b,c left (Exp., experimental)) and the corresponding simulated 
(Sim.) image (c right). Scale bars, 2 nm (b) and 0.5 nm (c). d, Line intensity 

profile along the c axis in c (blue dashed line), showing the alternating unequal 
Nb–Nb distances. a.u., arbitrary units. e, An in-plane atomic-resolution 
ADF-STEM image (left) and the corresponding simulated image (right) of the 
crystal. Scale bars, 0.2 nm. f, Fast Fourier transform pattern obtained from a 
typical in-plane ADF-STEM image. g, A high-angle annular dark-field (HAADF) 
image of a flake and the corresponding EELS elemental mapping images. Scale 
bar, 50 nm.
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valence band maximum. The large discrepancy between the calcu-
lated bandgap value and the experimental optical excitation onset 
energy (EELS data), along with the indication of localized electrons 
(flat valence band maximum), stimulated us to include many-body 
effects in the calculation. First-principles calculation within the GW 
approximation was further used to reveal the electronic structures. 
As shown in Fig. 2d,e, the calculated quasiparticle bandgap values for 
the monolayer (2.27 eV) and the bulk (2.21 eV) form are also very close 
(also presented in Fig. 2c for comparison), which, together with the 
results of the Heyd–Scuseria–Ernzerhof calculations, indicates a weak 
interlayer electronic coupling.

The calculations using GW approximation and the Bethe–Salpeter 
equation (see details in Methods) unveil a considerable excitonic effect 
in both the monolayer and bulk forms, with a high exciton binding 
energy of about 0.8 eV for the monolayer form and about 0.76 eV for 
the bulk form. The calculated optical absorption onset at about 1.5 eV 
for both the monolayer and bulk forms is consistent with both experi-
mental EELS and optical absorption data (Supplementary Fig. 10), 
indicating a necessity of considering excitonic effects.

It is noteworthy that both the quasiparticle bandgap and exci-
ton binding energy are insensitive to layer number, revealing that a 
monolayer-like and considerable excitonic behaviour survived in the 
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Fig. 2 | Weak interlayer electronic coupling. a, STEM-based valence EELS 
results for NbOCl2 flakes of different thicknesses. The curves are normalized 
and an offset along the y axis is adopted for each curve for clarity.  
b, Corresponding enlargements of the onset region in a, which are fitted by a 
tangent method to derive an onset energy as indicated. c, Comparison of 
bandgap evolution with thickness among typical 2D layered materials. Detailed 
information can be found in Supplementary Table 1. A quite weak bandgap 
evolution in NbOCl2 can be seen from both theoretical calculations and 
experimental results, compared with other typical layered materials. bP, black 
phosphorus; HSE, Heyd–Scuseria–Ernzerhof. d,e, Calculated quasiparticle 
band structures within the GW approximation for the monolayer (d) and bulk 
(e) forms. More details can be found in the Methods. f, Calculated optical 

absorption spectra for the monolayer and bulk forms by the method combining 
the GW approximation and the Bethe–Salpeter equation (see Methods).  
The inset shows an enlargement of the energy range between 1.0 and 2.5 eV,  
in which exciton binding energies of 0.8 eV for the monolayer form and 0.76 eV 
for the bulk form are derived. g, Interlayer charge density with an isosurface of 
0.2 electrons per cubic bohr. h, Interlayer differential charge density with an 
isosurface of 0.0007 electrons per cubic bohr. This is calculated through 
assembling the bulk system from isolated monolayers, demonstrating a charge 
redistribution process. Yellow and purple colour denote depleted and 
accumulated charge density, respectively. Both g and h show that charge 
mainly distributes in the intralayer region, illustrating a negligible electronic 
wavefunction overlap between layers.
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bulk crystal. This is in sharp contrast to excitons in other 2D layered 
materials represented by TMDCs in which significant excitonic effects 
exist only in monolayers. The considerable monolayer-like excitonic 
effect in the bulk form, in turn, also evidences the weak interlayer elec-
tronic coupling as well as the weak dielectric screening effect in the 
cross-plane direction (Supplementary Fig. 11) in this unique layered 
crystal. The dispersionless valence band, resulting from the structural 
Peierls distortion (see detailed illustrations in Supplementary Fig. 12), 
denotes highly localized electronic states and contributes to the large 
exciton binding energy28. It is noted that the relatively weak optical 
absorption around the exciton and quasiparticle energies is attributed 
to the very localized Nb 4d orbitals in the valence band maximum that 
contribute little to optical excitation (details can be found in Supple-
mentary Fig. 13).

To unveil a more thorough picture of the weak interlayer electronic 
coupling, we calculated the interlayer charge density, as shown in Fig. 2g 
(see Supplementary Fig. 14 for more details). The electrons are mainly 
localized in the intralayer (mostly on Nb and O atoms; Supplementary 
Fig. 14) with negligible distribution in the interlayer region, implying 

mainly in-plane bonding. This can be further evidenced by the interlayer 
differential charge density (Fig. 2h) that is calculated by assembling 
the bulk system from isolated monolayers and reveals a charge redis-
tribution process during interlayer coupling26. In addition, a negligible 
charge redistribution can be found in the interlayer region, indicating 
almost no covalency in the out-of-plane direction. By contrast, signifi-
cant charge distribution can be found in the interlayer region of TMDCs 
and black phosphorus due to stronger interlayer bonding25,26. This 
rather weak interlayer coupling character in NbOCl2 can be understood 
as follows. After grabbing an electron from the Nb atom, the p shell of 
the Cl atom is complete and becomes inert. Consequently, the inter-
layer interaction (bonding) is weak as Nb and O atoms are sandwiched 
by Cl atoms. The ionic bond of Nb–Cl is different from the Mo–S bond 
in MoS2, which is, for example, more covalent26. Therefore, the strong 
ionicity of Nb–Cl bonds together with the structural Peierls distortion 
led to the extremely weak interlayer electronic coupling in NbOCl2.

To gain further insights into the weak interlayer interactions, we also 
calculated and compared the interlayer binding energy, cleavage energy 
and translation energy, all of which reveal relatively low levels compared 
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standard deviations from multiple measurements.
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with other typical 2D layered materials (Supplementary Fig. 15). In 
addition, vibrational properties were also studied through Raman 
spectroscopy (Supplementary Section 4), and a thickness-insensitive 
and strongly in-plane anisotropic Raman response was observed (Sup-
plementary Figs. 16–19). The Raman peak corresponding to mostly 
out-of-plane vibration also demonstrates a weak pressure and tempera-
ture dependence (Supplementary Fig. 20 and Supplementary Tables 2 
and 3), implying unique interlayer vibrational properties.

SHG
The second-order NLO response of NbOCl2 was investigated by SHG 
experiments under a back-reflection configuration (Fig. 3a). As shown 
in Fig. 3b, strong emission signals at half the corresponding excitation 
wavelengths were observed, with a quadratic excitation power depend-
ence (Fig. 3c and Supplementary Figs. 21a–c), being a typical SHG pro-
cess. The SHG intensity undergoes a slow increase when approaching a 
shorter wavelength and starts to become obvious from around 400 nm, 

which is consistent with the EELS results (Fig. 2a) and experimental 
optical absorption spectrum (Supplementary Fig. 10). Specifically, 
the SHG intensity increases with EELS intensity. This is because the 
EELS probability is intimately related to the local density of optical 
states24, which dominates the transition rate from the two-photon 
excited state to the the ground state, and thus the SHG intensity29,30. As 
shown in Fig. 3b and Supplementary Fig. 21d, considerable resonance 
(enhancement) in SHG intensity can be observed when extending the 
wavelength from about 400 nm down to shorter wavelengths (that is, 
from about 3 eV to higher energy).

As shown in Fig. 3d, the SHG response is also highly in-plane ani-
sotropic with a maximum response along the crystal polarization 
direction (b axis), which can be well explained and fitted on the basis 
of the crystal symmetry analysis (see details in Supplementary Sec-
tion 5.2). Notably, the overall SHG intensity also exhibits a strong 
azimuthal dependence on excitation with a maximum along the b 
axis and a minimum along the c axis (Supplementary Fig. 22), due 
to low crystallographic symmetry, being basically different from 
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TMDCs whose overall SHG response shows no polarization depend-
ence29–31. In particular, the high orthorhombic SHG contrast prom-
ises an easier crystallographic orientation identification and other 
polarization-related second-order nonlinear applications that are 
beyond the reach of TMDCs13,31–35.

As the polar space group of bulk NbOCl2 underpins a noncentrosym-
metric character, along with the weak interlayer electronic coupling, 
we checked the layer-number-dependent SHG intensity. As shown in 
Fig. 3e,f, a positive scaling of SHG intensity with layer number, in a quad-
ratic behaviour (within the penetration depth and coherence length, 
see Supplementary Section 5.3), is observed. Additional interference 
effects should be considered for the peaks and dips in Fig. 3h when 
the thickness is beyond the coherence length (see Supplementary 
Section 5.3 and Supplementary Figs. 23 and 24 for detailed analysis). 
As a comparison, we also measured the layer-dependent SHG intensity 
of WS2, in which the SHG response exists only in odd layers and quickly 
decreases with layer number (Supplementary Fig. 25). Notably, a scal-
able and strong SHG intensity can be obtained in NbOCl2 flakes, up to 
a level well beyond the reach of monolayer WS2 (up to 102–3 times; see 
Fig. 3f,h) although that of monolayer NbOCl2 is relatively weaker (Sup-
plementary Fig. 26). The effective second-order nonlinear coefficient 
(deff) was further calculated (Fig. 3g and Supplementary Section 5.4), 
and a layer-independent and high value of about 200 pm V−1 can be 
derived (for comparison with other second-order NLO materials, see 
Supplementary Section 5.4, Supplementary Table 4 and Supplemen-
tary Fig. 27). It is reasonable to expect that the strong and scalable 
second-order optical nonlinearity shall benefit from the vanishing 
interlayer electronic coupling and weak interlayer dielectric screen-
ing in addition to strong structural polarity. The monolayer-like deff is 
reminiscent of the monolayer-like excitonic effect, further evidencing 
the unique electronic and optical behaviours, in contrast to that of 
TMDCs (including 3R-MoS2 and 2H-TMDC odd layers) in which evolving 
electronic structures and strong interlayer dielectric screening result 
in significant change in nonlinear susceptibilities13,14.

Parametric photon pair generation
Ultracompact and integrable SPDC sources are under intense devel-
opment for chip-based photonic quantum circuits but hindered  
by unavailable high-nonlinearity and integrable thin films4,36–38.  
The giant second-order optical nonlinearity in 2D layered NbOCl2 
stimulates us to explore it for a quantum light source. Accordingly, 
as illustrated in Fig. 4a,b, the SPDC process was first checked on a 
subwavelength NbOCl2 flake (thickness of about 150 nm, exfoliated 
on a transparent sapphire substrate) with a continuous-wave laser 
at 404 nm. Photon pair generation was recorded by registering pho-
ton coincidences between two detectors4,36. The normalized 
second-order correlation functions g τ( )(2)  measured on the sample 
and blank substrate are presented in Fig. 4c,d, respectively, in which 
a peak at zero time delay means simultaneous arrival of one photon 
at each detector and thus is a signature of correlated photon pair 
generation. An obvious two-photon correlation peak with a 
peak-to-background ratio well above 2 at zero time delay ( g (0)(2) ) 
was observed in the sample but not in the substrate, unambiguously 
demonstrating correlated photon pair generation through the SPDC 
process in the sample as the effects of thermal light bunching and 
substrate can be excluded4,36,38. In addition, the g (0)(2)  value under 
different pumping power was also measured and exhibits an inverse 
pump power dependence (Fig. 4e), further evidencing a photon pair 
generation process. The polarization-dependent response (Fig. 4f) 
indicates the pump, signal and idler photons are all polarized along 
the crystallographic b axis. The pump-power-dependent photon pair 
coincidence rate was calculated from the data in Fig. 4e and follows 
a linear scaling relation (Fig. 4g), being a typical feature of the SPDC 
process (see Supplementary Section 6.2 for detailed analysis)2,4,10. 

Notably, with a pump power of 59 mW (available maximum power 
with our laser), a coincidence rate of about 86 Hz is detected. When 
the detection loss is considered, the actual value could be about 
86 kHz with a figure of merit of 9,800 GHz W−1 m−1, which is of great 
advantage for constructing on-chip SPDC sources (see Supplemen-
tary Section 6.1 and Supplementary Fig. 28 for detailed comparison 
and discussion)10,21.

As shown in Fig. 4h, we also measured the SPDC response in flakes 
of different thicknesses, of which the coincidence rate increases with 
thickness following a quadratic relation as expected (see Supplemen-
tary Section 6.2 for detailed analysis)2,10. An SPDC response can be 
unambiguously observed in flakes as thin as 46 nm (corresponding 
normalized second-order correlation functions can be found in Sup-
plementary Fig. 29), which, to the best of our knowledge, is the thinnest 
SPDC source that has ever been reported2. It is noteworthy that a higher 
coincidence rate could be obtained by optimizing the pump condi-
tions (power and wavelength) and additional enhancement effects 
(for example, from resonant structures)4,36, and consequently thinner 
SPDC sources might be expected.

Conclusion
In conclusion, we report a van der Waals crystal that exhibits vanish-
ing interlayer electronic coupling and considerable monolayer-like 
excitonic behaviour in the bulk form, as well as strong and scalable 
second-order optical nonlinearity. The unprecedented second-order 
optical nonlinearity enables an SPDC process unambiguously observed 
in ultrathin van der Waals flakes, which bears great potential for appli-
cations in chip-based quantum light sources, as well as photon modu-
lators and sensors6,19,20. In principle, the nonlinear efficiency can be 
further boosted by facile van der Waals integration with other nanopho-
tonic structures such as low-loss metasurfaces, waveguides and cavi-
ties5,20,37,38. Moreover, NbOX2 (X = Cl, Br and I) was recently predicted to 
simultaneously exhibit in-plane ferroelectricity and antiferroelectricity 
and associated phase transition between them23, implying a potential 
electric control knob for the optical nonlinearity. Our results establish 
NbOCl2 as a promising 2D layered material for integrated nonlinear 
photonics and optoelectronics.

As interlayer electronic coupling plays a vital role in shaping the 
properties of 2D materials—as particularly exemplified by the recently 
emerging twistronics that fundamentally results from interlayer cou-
pling and hybridization effects39,40—this interlayer electronically decou-
pling system would be an interesting and complementary building 
block for atomic-scale Legos5, and new physics and functionalities could 
be expected, in addition to the scalable optical nonlinearity reported 
in this work. On the other hand, the considerable and monolayer-like 
excitonic behaviour in the bulk form would open new playgrounds for 
exciton physics in 2D layered systems.
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Methods

Crystal synthesis
Bulk single crystals were synthesized by chemical vapour transport22. 
Chemical powders (Nb2O5, 4N, Alfa Aesar; NbCl5, 5N, Alfa Aesar; Nb, 3N, 
Sinopharm Chemical Reagent Co.) in stoichiometric ratio were first 
thoroughly mixed and sealed in an evacuated quartz tube (about 20 cm 
long) under vacuum of 10−6 torr. The sealed tube was then heated in a 
two-zone furnace, with the reaction region kept at 500–600 °C and the 
growth region kept at 300–400 °C for 5 days, followed by slow cooling 
to room temperature at a rate of about 5 °C h−1. Finally single crystals 
(rectangle-shaped thin plates) were obtained at the growth region.

Characterization
X-ray diffraction was conducted on a Rigaku D/MAX 2550/PC with Cu 
Kα X-rays. Atomic force microscopy measurements were performed on 
a Bruker Dimension FastScan in tapping mode. Cross-sectional STEM 
images and core-loss EELS mapping images were acquired at 80 kV using 
a JEOL ARM200F equipped with a CEOS ASCOR hexapole aberration 
corrector, a cold field-emission gun and a Gatan Quantum ER spectrom-
eter. During the imaging process, the probe size, probe-forming aper-
ture, camera length and inner angle of the high-angle annular dark-field 
detector were selected as 8C, 31 mrad, 8 cm and 81 mrad, respectively. 
During core-loss EELS measurements, the energy dispersion, probe 
size and camera length were selected as 0.1 eV per channel, 6C and 
4 cm, respectively. The full-width at half-maximum of the zero-loss 
peak is 1.3 eV. The atomic in-plane NbOCl2 structure was probed by an 
aberration-corrected Nion U-HERMES100 at 60 kV. The convergence 
semi-angle is 32 mrad, and the collection semi-angle spans from 75 to 
210 mrad for the high-angle annular dark field. For the valence EELS 
measurements, 21 meV full-width at half-maximum of the zero-loss peak 
was achieved with 3 meV per channel dispersion. The exposure time 
for a single frame is 600–800 ms. To optimize the signal-to-noise ratio, 
each experimental valence EEL spectrum was obtained by integrating 
around 400 frames. Following the same experimental parameters, an 
EEL spectrum was collected in vacuum to eliminate the long-range cou-
pling effects. EELS data were processed by the Digital Micrograph and 
open-source HyperSpy software programs. Background subtraction 
for all of the valence EEL spectra was performed by fitting a power-law 
function with an identical fitting window from 1.42 to 1.62 eV. Spike 
noise in the spectra was removed by a total variation denoising strategy 
in HyperSpy41. The optical excitation onset energy was then extracted 
through fitting the onset region of EELS by the tangent method.  
The samples were all-dry transferred onto holey silicon nitride support 
film (PELCO, Ted Pella) for STEM characterization.

Raman spectra were conducted on a commercial WITec Raman sys-
tem with a 532-nm excitation laser, except that polarized Raman spectra 
were measured on an NT-MDT confocal spectroscopy system, in which 
the linear-polarized laser (532 nm) is focused by a 100× objective lens 
with a numerical aperture (NA) of 0.9, and an analyser in front of the 
entrance of the spectrometer is used to perform parallel or perpen-
dicular measurements. For temperature-dependent Raman spectra, 
the sample was loaded in a liquid-helium-cooled Oxford chamber.  
The pressure-dependent Raman spectroscopy was performed at room 
temperature on a Renishaw Raman spectrometer (RM1000) with a 
532-nm excitation laser. The Raman system was calibrated by the Si line 
before measurements, and a laser beam of about 10 μm in diameter 
was focused at the chosen location of the samples in the diamond anvil 
cell. Pressure was determined by measuring the ruby fluorescence42.

SHG experiment
The SHG experiments were conducted on a home-built optical system 
operated in reflection geometry. A tunable femtosecond laser (pulse 
width: 180 fs; repetition frequency: 80 MHz) was used as the excitation 
source, which passes through a polarizing beamsplitter, an 808-nm 

half-wave plate, a dichroic mirror and an objective (100×, NA 0.9) 
before interaction with samples. The same objective was used to col-
lect the SHG signal, which was then passed through a short-pass filter 
(centred at 780 nm) and a 405-nm band-pass filter (centred at 405 nm 
with a full-width at half-maximum of 10 nm) in sequence. A multimode 
fibre was then used to collect and guide the signal into a single-photon 
detector (Excelitas Technologies, single-photon counting module, 
SPCM-800-14-FC). The spectrum was measured using a spectrometer 
(Princeton Instruments, SP2500) cooled by liquid nitrogen. All of the 
experiments were carried out at room temperature. Polarized excita-
tion was realized by an 808-nm half-wave plate in the excitation path, 
and SHG polarization was analysed by a 404-nm half-wave plate and a 
polarizing beamsplitter in the collection path.

Nonclassical parametric photon pair generation
The two-photon correlation properties were recorded by registering 
photon coincidences between two single-photon detectors (same 
as used in SHG experiments) at the two outputs of a fibre beamsplit-
ter (Fig. 4b). A 404-nm continuous-wave laser (Diode Laser, Toptica 
Photonics) was used to pump the parametric down-conversion pro-
cesses. The pump laser passed through a polarizing beamsplitter and 
two 404-nm half-wave plates, the first of which was used for adjusting 
the laser power and the other was used for polarization control. Then 
the pump laser was focused on the sample through an objective (10×, 
NA 0.3). We used an objective (50×, NA 0.42) to collect the signals. 
The signals passed through a band-pass filter (centred at 810 nm with 
a full-width at half-maximum of 10 nm) and a polarizer (Thorlabs, 
LPVIS100-MP2), before coupling into a multimode fibre. We used a 
fibre beamsplitter (50/50) to divide the signal into two paths, followed 
by detection with two single-photon detectors respectively. Finally, 
the coincidence was determined by measuring correlations between 
the two detectors.

Density functional theory calculations
The GW calculations were carried out using the Vienna Ab initio Simula-
tions Package (VASP-6.2.1)43 at the G0W0 level, in which many-body inter-
actions were included to obtain the quasiparticle electronic features. 
The quasiparticle energies were adopted to obtain the band structures 
by Wannier interpolation though the Wannier90 program. The valence 
electrons were treated explicitly, and core electrons were represented 
with projector augmented wave potentials. The Kohn–Sham equations 
were solved self-consistently with a plane-wave basis set with periodic 
boundary conditions. The exciton energy levels and absorption spectra 
were calculated through solving the Bethe–Salpeter equation includ-
ing the e–h interactions, on the basis of the G0W0 results. The matrices 
were used to incorporate excitons in the calculations. The Heyd–Scu-
seria–Ernzerhof44,45 hybrid functional calculations were conducted 
using the projector augmented wave method as implemented in the 
Vienna Ab initio Simulation Package (VASP) 5.4.4 code43. The plane-wave 
cutoff energy was set to 500 eV. Γ-centred k-meshes with k-spacing of 
0.2 Å−1 and 1 × 6 × 4 Monkhorst–Pack k-meshes were used for the bulk 
and monolayer NbOCl2 (the bulk form has a C2 monoclinic symmetry 
whereas the monolayer form has a Pmm2 orthorhombic symmetry), 
respectively. All of the structure calculations were performed using 
the generalized gradient approximation Perdew–Burke–Ernzerhof 
functional46 as the exchange–correlation functional, and the crystal 
structures were fully relaxed until the total force on each atom was 
<0.01 eV Å−1. To remedy the underestimation of the bandgaps in Per-
dew–Burke–Ernzerhof methods, the electronic structure and optical 
calculations for bulk and monolayer NbOCl2 were performed using the 
Heyd–Scuseria–Ernzerhof44,45 hybrid functional. The transition matrix 
elements were calculated using VASP_TDM code47. For the calcula-
tion of interlayer charge density and binding, cleavage and translation 
energies, the pseudopotential for Nb was constructed treating the 
semi-core s states as valence states. The electronic wavefunctions were 



represented in a plane-wave basis set with an energy cutoff 400 eV.  
The 2D NbOCl2 layer is modelled as a slab with a vacuum region of more 
than 20 Å along the out-of-plane a direction. The k-point sampling is 
2 × 6 × 4 for the bulk form and 1 × 6 × 2 for the monolayer form. The total 
energy was converged numerically to less than 10−5 meV per atom with 
respect to electronic, ionic and unit-cell degrees of freedom.

The density functional theory calculations of Raman spectra were per-
formed using the norm-conserving pseudopotential method as imple-
mented in the Quantum Espresso package48. The exchange-correlation 
potentials were treated using the local density approximation49.  
The pseudopotentials were obtained using the Pseudo Dojo Poten-
tials50,51. Before the Raman spectra calculations, the structure was opti-
mized until the convergence threshold on energy was 1.0 × 10−8 Ry. A 
kinetic energy cutoff of 50 Ry for wavefunctions and 6 × 6 × 4 Monk-
horst–Pack k-meshes were used for energy convergence. The phonon 
and Raman spectra were calculated within density functional perturba-
tion theory as introduced previously52. For the self-consistent iteration 
of the density functional perturbation theory, a kinetic energy cutoff 
of 50 Ry and a convergence threshold of 1.0 × 10−14 Ry were used.

Data availability
All data supporting the findings of this study are available in the main 
text, Methods or Supplementary Information. The data are also avail-
able from the corresponding authors upon reasonable request.
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