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S1. Additional structural characterizations

Figure S1 | HAADF image of the NbOCI; crystal. A 2D layered structure can be clearly seen.
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Figure S2 | XRD of the synthesized single crystal. The diffraction pattern shows a preferred crystal
orientation along the a-axis and matches well with the standard PDF card (#87-2124) of NbOCl,

crystal.
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Figure S3 | Additional EELS data related to the EELS elemental mapping image (Figure 1g,
main text). a, HAADF-STEM image of a thin flake. The green box indicates the area where the
EELS data was collected. b-e, Original EEL spectra, which confirm the coexistence of CI, O, and
Nb. The spectra in (b-e) are averaged over the green square in (a), showing the Cl-L,3, O-K, Nb-
Ma s, and Nb-M 3 edges, respectively. The background showing in red was subtracted by the power

law model with Digital Micrograph software, and the stripped edges are shown in green.

Figure S4 | Optical images of exfoliated flakes on silicon substrates. Scale bar, 10 pum. It is easy



to exfoliate the NbOCI, crystals by commonly used scotch tape method. (a-d) Thin and anisotropic

flakes down to monolayer can be easily obtained, implying a weak interlayer coupling and high in-
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Figure S5 | Stability of a typical exfoliated NbOCI, thin flake under ambient conditions. Scale
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bar, 10 um. No detectable change was observed in the first week after exfoliation. But slight change

at the edge could be noted from the second week and gradually become obvious with time. It is

interesting to find that the degradation only happens at one edge side (parallel to the b-axis) and

gradually developed to the middle in a direction along the c-axis, while the other edge (parallel to

the c-axis) remained almost no change after 13 weeks. From the optical microscope images, the

degraded edges show different optical contrast and can be easily identified. Raman spectra (bottom

right, the same color code with the dots in the left image) show that no characteristic Raman peaks

can be observed in the degraded area, while the Raman signals remain no change in the middle area.

The structural change of the degraded area can be found in Figure S6 below.
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Figure S6 | STEM image of an edge-degraded thin flake and corresponding fast Fourier

transform patterns of the edge and middle areas. Diffraction spot pattern can be observed in the

middle area, indicating a crystalline nature; while a diffraction loop is in the edge area, indicating

an amorphous nature. In other word, the edge degraded into amorphous state, which is consistent

with the featureless Raman response (Figure S5 above). As for the detailed mechanism of

degradation, more in-depth investigations are needed and will be our future work.
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Figure S7 | STEM images of thin flakes after collecting the valence EELS data. The

corresponding STEM images all demonstrate a well remained crystalline state after valence EELS

and therefore ensures the reliability

il

excluding damage induced by electron beam

b

data collections

of the EELS data.



Figure S8 | Typical in-plane STEM characterizations of a 4-layer sample. In-plane atomic-

resolution ADF-STEM images (middle panel is the enlarged image from upper panel) and

corresponding Fast Fourier transform (FFT) pattern (bottom panel) of a 4-layer flake, along with

their corresponding simulated ones (right column). Clearly, the atomic images are in perfect match

with the simulated ones based on perfect crystal structure model. No moire pattern or additional

point in FFT pattern was observed, thus excluding the existence of stacking faults.



S2. Additional electronic structure and optical

transition analysis
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Figure S9 | Calculated electronic structures and projected density of states (PDOS) for
monolayer (d), bilayer (e) and bulk (f), respectively, based on HSE hybrid functional. A layer-

insenstive bandgap is clear at the HSE level.
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Figure S10 | Experimental absorption spectrum. Inset is the absorption spectrum plotted in a
wavelength scale. The absorption spectrum indeed demonstrates a slight absorption onset from ~1.5
eV, which is well consistent with the experimental EELS data and GW-BSE calculation results in

Figures 2a and 2f, respectively, in the main text.
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Figure S11 | Real part of dielectric constants along different crystallographic axis.
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Figure S12 | Calculated electronic structure of a monolayer model structure without Peierls

distortion, by DFT-HSE method. It is clear that both bandgap value and VBM have changed

significantly compared with the monolayer with Peierls distortion in Figure S9 above (both by

DFT-HSE method), indicating the unique role of Peierls distortion in shaping the electronic

structure and inducing localized electronic states around VBM.
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Figure S13 | Optical transition analysis. a, k-point path for the monoclinic Brillouin zone. b,
Calculated electronic structure for bulk crystal (by DFT-HSE), where the three orbitals round the
top valence band are highlighted and denoted as V1, V2 and V3, along with the conduction band
minimum (CBM) in bold. ¢, The corresponding projected density of states (PDOS). d, Calculated
optical transition probabilities from V1, V2 and V3 to CBM (same color code as in b).

As shown in b and ¢, the V1 orbital is mainly contributed by Nb-4d states (in addition to a small
part of Cl-3p states), which are dispersionless and quite localized in energy. The optical transitions
from localized Nb-4d states (V1) to empty Nb-4d orbitals in the conduction band (the Nb-4d states
also dominate the CBM as shown in b) are forbidden based on the selection rules, which is
manifested by the nearly zero transition probability at M point that corresponds to the optical
transition to CBM (upper panel in d). V2 also demonstrates a near zero optical transition probability
(middle panel in d). A large probability happens for V3, indicating an allowed optical transition
from V3 to CBM. In other word, optical transitions from VBM (V1 orbitals) are quite suppressed
by the localized Nb-4d states around VBM (though with considerable DOS), whereas significant

optical transitions mainly come from V3 orbitals to CBM.



S3. Additional data of interlayer properties
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Figure S14 | Interlayer charge density at different isosurface values. Clearly, the electrons are
mainly localized on the Nb and O atoms in the intralayer with negligible distribution in the

interlayer region, indicating a mainly in-plane bonding.
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Figure S15 | Additional data of interlayer binding energy (a), cleavage energy (b) and

translation energy (c,d). Note that bP represents black phosphorus.



As it is difficult to directly measure the interlayer interaction energy, most of the information
are provided by theory calculations. As shown in Figure S15a, binding energy values calculated by
different methods (RPA[!, SCAN+rVV 102!, DF2-C09B! and GGAM™) for various materials, as well
as our calculation result for NbOCI; here, are presented for comparison. It’s noted that different
calculation methods will give slightly different values, but a qualitative and reasonable comparison
can be conducted. Clearly, an obvious weak interlayer binding energy, especially compared with
TMDCs and bP, indeed exists in NbOCl,, which is comparable to that of ReS, (another weak
interlayer coupling 2D material)>!.

The cleavage energy was also calculated to reveal more information of interlayer interaction.
As shown in Figure S15b, the cleavage energy (0.055 J/m?) also exhibits a low level compared with
other 2D materials!>7], being consistent with the easy experimental exfoliation.

Figure S15¢ shows the energy difference calculated by translating one NbOCl, monolayer over
another along two crystallographic directions, respectively. Translation energy of ~22 meV along
the b-axis and ~15 meV along the c-axis are derived, which are also much smaller than that of MoS»
and bP, though slightly higher than that of ReS, and GeS; that are also interlayer decoupled™7l.

Therefore, the above results figure out more weak interlayer interaction characters for NbOCla,

in addition to the interlayer electronic decoupling in the main text.

S4. Lattice vibrational properties

In this section, the lattice vibrational information mainly derived from Raman spectra is presented,

along with related information and discussions on interlayer vibrational coupling.



Firstly, Raman spectroscopy was performed on flakes with various thicknesses (Figure S16a,
on silicon substrate) and five clear Raman peaks (denoted as P1 to P5) were observed for all layers
(except for the monolayer as the signal is too weak to detect on a silicon substrate). Remarkably, the
five Raman peaks show almost no dependence on thickness within the resolution (~0.3 cm™) of our
equipment (Figure S16b), which is different from TMDCs and many other 2D materials where the
Raman peak-shift is usually used as an index of layer number. It should be noted that the P3 and P4
peak shifts come from the influence of silicon substrate (see the Raman spectrum of a blank silicon
substrate in Figure S16a). This layer-independence of lattice vibrations can be further evidenced by
the unnoticeable Raman peak shift of flakes from monolayer to bulk on a gold substrate (Figure

S16c¢), implying a layer-insensitive Raman response.
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Figure S16 | Raman spectra of flakes with different thickness on silicon substrate (a,b) and

gold substrate (c).

As shown in Figure S17 and S18, the lattice vibration also shows a strong in-plane anisotropy,
being consistent with the strong in-plane crystallographic anisotropy. To gain more insight into the
vibrational properties of each Raman peak, we calculated the phonon modes using DFT.

As NbOCl, belongs to the space group C2 and has 8 atoms in the unit cell, it supports 24

phonon modes with 21 Raman-active optical phonons including 11A+10B, where A and B are the



irreducible representations. Table S2 shows the calculated phonon modes with corresponding

symmetries. Firstly, we tried to assign the experimental Raman peaks (P1-P5) to the phonon modes

according to the Raman activity intensity, while the mode 16 vibration is not obvious at ambient

pressure but become comparable with other peaks under pressure (Figure S19). The assignment is

verified by the polarized Raman spectra and symmetry analysis as discussed below.

The symmetry of the Raman-active phonons is determined by the Raman tensors (R) of the C;

point group
a 0 d 0 e O
R(A=|0 b O|,RB)=|e 0 fl,
d 0 c 0 f O

where the a, b, ¢, d, e, and f are the tensor elements, and their values depend on the cross-section of

Raman scattering. When considering the light absorption, the Raman tensor should be as

|a|ei®a 0 |d|ei®d 0 le|ei®e 0
RA>=[ 0 |ble*®s 0 | R(B)=|le|e'? 0 |fle*r|,
|d|ei®a 0 |c|ei®e 0 |f|ei®r 0

where ¢, is the phase of the Raman tensor element a.

As the observed Raman intensity depends on the symmetry selection rules and the scattering
geometry. The scattering intensity (/) of the Raman-active phonon has the following relationship
with the polarization states of incident light e; and the scattered light e; and R
Io|e;*R-eg|? (1

We define the direction along the c-axis of crystal as 0 degree (Figure S17b). Under parallel-
polarized configuration, es = e; = (0, sin@, cos0); while under perpendicular configuration,
e; = (0,—cos0,sin@). Then the Raman intensity of A- and B-symmetry modes in parallel and
perpendicular polarization configurations is as follow

Ié/ « |b|?cos*6 + |c|?sin*0 + % |bl|c|sin?20 - cosp._,, )



Ij-ocisinzze-[lb|2+ lc|2 = 2|bllc| - cos@,_p] 3)
12/ o [|f|sin26]? (4)
I3 < [|f|cos26]? 5
where @._, 1S Q-~@p.

Obviously, the polarization-dependent Raman intensity in both configurations for B-symmetry
modes will have a period of n/2. However, as shown in Figure S17c-f, the polarization-dependent
Raman intensity of all the five observed Raman peaks in the parallel configuration show a period
of m. Thus, all the five observed Raman peaks should be attributed to A-symmetry modes.

In the parallel configuration (corresponding to Equation (2)), the five Raman modes show 3
different types of azimuthal periodicity and phase (Figure S17 and S18a). Type 1 (P1; Figure S17¢)
has a period of © with two global maxima and two local maxima in a period of 2m; Type 2 (P2, P3,
P4; Figure S17d-f) has a period of © but without local maxima; Type 3 (P5; Figure S17d) is similar
with type 2 but with a phase shift by n/2. The different azimuthal dependence of the A-symmetry
phonon modes indicates that the Raman intensity depends on the details of Raman tensor elements.
From the experimental results, type 2 and 3 corresponds to the case where |c|~0 (cos*8 dependence)
or |b|~0 (sin*6@ dependence). For type 1, the imaginary part of the Raman tensor should be taken
into consideration. Accordingly, the azimuthal dependence of all five peaks can be well fitted by the
above equation (2), evidencing the reasonability of the above assignments. And this can be further
confirmed by the sin?26 dependence of all the five peaks in the perpendicular configuration

(Figure S18b), as the B-symmetry Raman modes exhibit a cos?26 dependence (see equation (5)).
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Figure S17 | Polarized Raman Spectra. a, Raman spectra at various polarization angles under

parallel configuration. The zero degree is aligned with the crystallographic c-axis, as indicated in b.

c-g, Polarization-dependent Raman peak intensity of P1-P5. Scale bar in b, 20 um.
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Figure S19 | Raman spectra under various pressure. It is interesting to note that the vibration
mode 16 is not obvious at ambient condition but is comparable to P3 and P4 at ~11 GPa, and shows

a pressure insensitive character.

To gain an insight into the interlayer vibrational coupling, we performed pressure- and
temperature-dependent Raman spectroscopy, with pressure- and temperature-dependent peaks
shown in Figures S20a,b, respectively. The most prominent Raman peak P2 corresponds to a mostly
out-of-plane vibration mode (see above Raman spectrum analysis and Figure S18c), of which the
pressure coefficient (reflects the interlayer coupling!®!) was calculated to be ~0.73 cm™!/GPa while
the first-order temperature coefficient y (also related to the interlayer interactions) was determined
to be ~-0.008 cm’!/K by fitting with the Griineisen model®l. It’s notable that NbOCl, exhibits the
lowest pressure- and temperature-coefficients of the out-of-plane lattice vibration mode among
typical 2D materials, being comparable to ReS», another well-known weak interlayer-coupling 2D

material®! (Figure S20c). These results also imply a weak interlayer vibrational coupling, though



more detailed investigations are needed to figure out a complete image of the interlayer vibration

modes, which will be part of our future work but not the focus of this work.
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found in Table S3.

S5. Additional SHG data

S5.1 Additional figures
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Figure S21 | (a-¢) Pump power dependent SHG peak intensity of 1L, 121, and 218L flakes. All of

them can be linearly fitted with a slope of ~2, confirming a second-order nonlinear optical process.

(d) Wavelength dependent SHG intensity, indicating an obvious resonance effect at short

wavelength region.
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Figure S22 | Overall SHG intensity under different polarization angles of excitation. The zero
degree is defined by aligning with the crystallographic c-axis and no analyzer was employed before
the detector (to collect an overall SHG intensity). The data is well fitted through the symmetry
analysis presented below in S5.2. The azimuthal dependence of overall SHG intensity is basically
different from that of monolayer TMDCs where no polarization dependence is observed (a “O”
shape, not the above “8” shape). This dependence is determined by the lower crystal symmetry of
NbOC]I, (C2 space group) than that of monolayer TMDCs (D3,), which is analyzed in detail below
in S5.2. Remarkably, the high orthorhombic SHG contrast promises much easier crystallographic
orientation identification as no optical analyzer is needed, as well as other polarization-related

second-order NLO applications that are beyond the reach of TMDC:s.
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Figure S23 | Demonstration of the transformation from crystal coordinates (a, b, ¢) to

laboratory coordinates (x, y, z).
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Figure S24 | Schematic illustration of the SHG process under reflection geometry. As we
measured SHG on samples exfoliated on silicon substrate (SiO2(285 nm)/Si), the overall SHG

contains the contributions from both bulk and surface (NbOCl,-air)/interface (NbOCI»-Si0») effects.

0.6+

o
o

—1L
2L
—3L
—d4L
5L
—— bulk

o
S

o
]

Intensity (x10° cps)

=)
=)

0.4+

012 345 buk
Layer number N

0.2+

Intensity (x10° cps)

0.0

3é0 3é0 460 41‘0 4é0
SHG wavelength (nm)

Figure S25 | Layer-dependent SHG of WS; at 404 nm (pump=808 nm).
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S5.2 Polarization-dependent SHG response

In general, the second-harmonic wave at frequency 2w when excited with fundamental frequency

o can be expressed as

() () @ @ )] 2
P,(2w) X11 X1z X1z X1a Xis Xie

2 2 2 2 2 2
PQw) = PQRw)| =7 17 x5 x5h e xse

P.2w 2 2 2 2 2 2
@Ol @ 4@ @ @ e o

— Eg

Ej
EZ
2E,E,
2E,E,

2E,E)|

(6)

where E,, E», and E. are components of the electrical fields of excitation laser along corresponding

crystal axes, and )(i(jz) is the tensor element of the second-order nonlinear coefficients. P(2w) is the

second-order nonlinear polarization.

Provided that in our experiments the electric field of fundamental laser is in the

crystallographic bc plane, thus |E,|=0. In addition, the crystal belongs to the C2 space group. the

second-order nonlinear coefficient matrix can be expressed as follow (only nonzero elements are

listed)

(2) (2)
0 0 0 Xua 0 X6
(2) (2) (2) )
X211 X220 X23 0 X5 0
0 0 0 (2) (2)
X34 0 X3¢

il

@ _ @2_ (2 @ _ . @ @ _ @
where X1y = Xp5 X3¢ > X23 = X315 X16 = Xa1 -

Therefore, in-plane polarization along the b- and c-axis are
Py(2w) = EZx$D + E2x$Y

P.Qw) = 2E,E 3%

()

(8)

It should be noted the above expressions are given in terms of crystallographic axis (a, b, ¢). To

transform them to the laboratory axes (x, y, z) as defined in above Figure S23, we assume the

laboratory z-axis is at an angle € from the crystallographic c-axis. Then, the in-plane polarization



along the y- and z-axis are

P,(2w) = Elf)(g) - cosO + Ef)(é? * cosf — EbEC)(é? - sind )

P,2w) = Elf)(g) - sind + Eczxg? - sind + 2EbEc)(§? - cosO (10)
If we assume the electric filed E,, polarized along the z-axis, then E,. = E,, - cos8 and E, =

E, - sin6. Thus,

P,Q2w) = Ef,()(é? - cos36 — Z)é? - sin%Ocosf + )(g) - sin*Ocos0H) (11)

P,2w) = Ef,(S)(é? - cos?0sinf + )(g) - sin30). (12)
Therefore, when we rotate the polarization of fundamental wave by an angle 6 with the

crystallographic c-axis, the parallel component of SHG intensity is

IZ/L/o « |P,2w)|? = |Ew|4(3)(§? - cos%6 +)($) - sin?0)? - sin%0 « (3)(5? - cos%0 +)(g) :

sin%6)? - sin?0, (13)

and the perpendicular component is

1, o |P,o)|* o (153 = 3253 - sin?6 + x5 -sinze)2 - (1 - sin20). (14)

The total SHG intensity I,,, is

2 2 2 . 2 2 . 2
Lo < 2159 + 4x$2) - x$2 - sin20+((($D)? — 8(x)?): sin*0 + (x$2)? (15)

S5.3 Thickness-dependent SHG response

As shown in above Figure S24, our SHG experiments were performed in back reflection geometry

Ao

——£ =48 nm,>!% where
4Ny +Nna2w)

(for samples on silicon substate). The coherence length is AL =
A,=808 nm and n=~2.1 (Figure S11) are employed. Consequently, as shown in the Figures 3e,f in

the main text, the SHG intensity scales quadratically with thickness (for thickness <30L (~20 nm))

as it is below the penetration depth (~AL/2 = ~24 nm) of SHG signal. For larger thickness (main



text, Figure 4h), two peaks occur at ~80L (~52 nm) and ~170L (~110 nm), respectively, due to
interference effects.

To model the thickness dependent SHG intensity, we account for the surface/interface and bulk
contributions (see Figure S24)[!!l. The overall SHG intensity (P:) can be expressed as P, &
|S(1) + B(1)|? - P,2, where S(I) and B(l) represent the surface and bulk contributions, respectively.

We can write:

NOES ng)(Rm + To1TroR12 2! + t19 Ry, Tyge? e ™) (16)
> : N
B() = X1(3 J(Tyots02Ry2€2 K + t10°13, 7Ty e 24K (17)
where 1;; = Zol R , Lij = Mol are the Fresnel coefficients at fundamental wavelength, and
na,,i+na,,j na,_i+na,_j
R;j = DeoiMzw) . = 22wl ¢ SH wavelength. Here 0, 1, 2 represent air, sample and SiO»,

5
nZw,i+n2w,j nza),i+n2w,j

respectively. ng) and XL(?z) are the second-order nonlinear susceptibilities for the surface and bulk,

2N

respectively. k = Zzﬂ and K = are the wavevectors at the fundamental and SH

w 2w

wavelengths, respectively. [ is the sample thickness. To account for the effects due to a thin SiO»

layer along with a high-reflection interface (Si02/Si) in the bottom, we consider the R, and 7y,

27Ny
in equations (16) and (17) as effective ones: rlsz=t12t21r23el Ao L+r12 , Rf£f=

S2TN2 ¢y

T12T21R23el 20 4 R1,, where 3 represents bottom Si and L(=285 nm) is the SiO; thickness.

: . . 2
It’s noteworthy that the coherence length in transmission geometry!'?l is AL = 4(n—wn) =
20" tw

~2 pum, implying a wider thickness range for monotonically increasing SHG could be expected in

transmission geometry.

S5.4 Calculation of nonlinear coefficient and comparison with other materials

The SHG intensity can be expressed as



STV PS inc2(AkL/2), (18)
0

2
Ny Naule & TWT

Py =

where P, and P,, are the excitation and SH intensity, n, and n,, the refractive index at
fundamental and SHG wavelengths, / the thickness, d the effective second-order nonlinear
coefficient, w1 the waist radius of excitation laser, A,, the excitation wavelength, ¢ the light
speed and &, the vacuum permittivity. So, at the same conditions (4,, and P;), P,, & %. In
other word, high conversion efficiency is not only facilitated by a large effective nonlinear
coefficient but also by a higher interaction length as well as low refractive index (n~2.1 for NbOCl,,
while ~4 for WS,)[13:14],

To calculate the second-order nonlinear coefficient, we took a x-cut LiNbO3 film (500 nm) (on
a 3-um-thick SiO» buffer layer and a 500-um fused silica substrate) as a standard sample for
reference, of which the effective second-order nonlinear coefficient was taken as d=40 pm/VI!3],
The conversion efficiency 7,;yp03 Was measured to be ~1.45%10®° W-!' (considering a signal
detecting efficiency of ~0.4% with our system). For monolayer WS,, sinc?(Akl/2)~1, x® .,
was measured and determined to be ~4 nm/V (or d~2 nm/V) and 7y5,~4.2%101 W-1,

As we discussed in S5.3 above, the interference effects will lead to complex thickness-
dependence of the SHG efficiency. To estimate the material’s intrinsic nonlinear coefficients of
NbOCl,, we choose flakes with thickness below the penetration depth and coherence length (~21
and ~48 nm, respectively, see S5.3) that is free from strong self-absorption and additional photonic
effects. As shown in Figure 3g in main text, we measured and estimated the effective nonlinear
coefficient d of different thickness and the values fall around 200 pm/V within a small range (when

excited at 808 nm). It’s interesting to note that the nonlinear coefficient shows a layer-independence

(Figure 3g, main text), which is different from 2H-TMDCs or 3R-MoS,!'%l. Therefore, we take the



effective nonlinear coefficient d=~200 pm/V for intrinsic NbOCl,. For 170L (~110 nm) NbOCl,,
the conversion efficiency was estimated to be 7Nypociz ~8.2%10° W, For 81L (~53 nm),
Nnvociz~3-4%¥10° WL for 30L (~20 nm), Nypociz~1.3%10"10W-1,

To compare the nonlinear properties of NbOCl, with other materials (including both recently
emerging 2D materials and traditional bulk crystals), we investigated and presented these data in
Table S4 and summarized in Figure S27. For direct comparison of our results with the earlier works,
we defined the conversion efficiency as n = P,,/[P,]?. For emerging 2D materials, especially
monolayer TMDCs, the reported nonlinear coefficients from different groups varied over 3-4 orders
of magnitude, which are supposed to be mainly related with the sample quality and/or measuring
conditions. As for our monolayer WS, sample, the measured nonlinear coefficient and conversion
efficiency are both among the highest reported levels of TMDCs, indicating a high quality of our
WS, sample that can serve as a good reference sample for comparison.

To gain a general view from the comparison, the nonlinear coefficient y® of NbOCI, lies
between the emerging 2D materials and traditionally bulky crystals (Figure S27). Although the y®
of TMDC monolayers are very high, their conversion efficiency 7 are rather limited by the
vanishing thickness and not scalable with thickness. While for bulky crystals, their conversion
efficiency 7 can be achieved at a high level by controlling thickness, but their nonlinear coefficient
x® are 1-2 orders lower than that of NbOCL. This can be evidenced by the fact that a 110 nm
NbOCI; can show an almost comparable conversion efficiency to that of a 500 nm LiNbO; film
(Figure S27). Therefore, the NbOCl, crystal bridges the gap between TMDCs and bulky crystals for
relatively high ¥ (vs bulk crystals) while scalable 1 (vs TMDCs).

It’s also noted that some 2D materials with specific crystal structures also show a scalable SHG



response. Among them, 3R-MoS; is a typical example, but the SHG intensity scales only up to 6
layers before decrease againl'®!”] Besides, the 3R phase is metastable and difficult to synthesize.
Others like ¢ -InSe/GaSe suffer from structural or chemical stabilities though with a
noncentrosymmetric structure and moderate y®. The 2D magnet Crls shows a high ¥, but only

works at 4 K and in bilayer form!'®,

S6. Additional information for SPDC experiments

S6.1 Calculation of coincidence rate and estimation of detection efficiency of SPDC
experiments

The photon pair coincidence counting rate C=A*CAR, where A is the accidental coincidence rate,
and CAR is coincidences-to-accidentals ratio. The accidental rate A=N;*N,*T., where N; and N>
are the counts of the two detectors respectively, and 7. is the effective time resolution. The
coincidences-to-accidentals ratio CAR=g(2) (0)-1.

For the SPDC experiments, the total detection efficiency can be estimated as follows,

total _ ,,0bj,50x Pol. FC BS SPD
77signal/idler - 775ignal/idler X nsignal/idler X nsignal/idler X nsignal/idler X nsignal/idler

BP — )
X 77signal/idler = ~0.1%,

obj,50x
" =0

where nsignal/idler -

7%, NEnatjiaer = 0.8%are the photon pair transmissions through the
objective and polarizer, respectively, n;‘:;mal Jidler = 0.72 is the efficiency of fiber coupler,
BS — 082 - . : - SPD —062 i

Nsignatjidier = 0.8 * 0.5 = 0.32 1s the efficiency of beam splitter, and 75 g7nq1/iqier = 0.6° 1s the

quantum efficiency of SPDs (~0.6 around the degenerate SPDC wavelength). Here,

nfignal/idler = 0.98% % 0.05 = 0.048 includes the bandpass filter transmission (0.98) and the



filtered spectral weight of actual SPDC spectrum (taken as a moderate value of ~0.05 for a 10-nm
wide bandpass filter). We should stress that spectral weight estimation is conservative as the bi-
photon bandwidth is at least 200 nm based on our experiments (see below in Figure S29), which is
a feature of thin film SPDC sourcel').

Specifically, with an excitation of 59 mW, the detected photon pair coincidence rate is ~86 Hz
(Figure 4g, main text) corresponding to an actually photon pair generation rate of at least ~86000
Hz (C/ngfgtflfll Jidter)>» Which is well higher than that of recently reported AlGaAs nanoantenna (35
Hz)?%. And the coincidence rate can be further enhanced by increasing excitation power
(considering the linear scaling with excitation power) and optimizing the film thickness or excitation
conditions (higher signal-to-noise ratio).

To inspect the intrinsic material potentials of chi2 medium as SPDC source, the figure of merit
(FoM) for SPDC efficiency is adopted for comparison under the same interaction volume and pump
power level. The FoM for SPDC efficiency is determined by taking the pump energy stored by the
flake into account, i.e., normalized by Vol,0,, where Vj is the volume of the nonlinear materials
responsible for SPDC, I, is the incident pump intensity at the input, and 0, is the quality factor at
the pump wavelength?’l. For a 150 nm thick flake, excitation power 59 mW and Q,~1, the figure
of merit for SPDC efficiency is estimated to be ~9800 GHz W-! m™!, which is of tremendous
advantage among conventional on-chip and bulk photon-pair media, including BBO crystal (~10*
GHz W' m)21, AIN waveguide (~0.136 GHz W' m™)[?2, AlGaAs nanoantenna (~1.4 GHz W-!
m™)2% GaP thin film (~267.9 GHz W' m™")['*] and LiNbO; film (~5000 GHz W-! m™")[!%],

It needs to note that the absolute brightness of traditional bulk SPDC sources (such as BBO

crystal and periodically polarized LiNbO3 waveguides) is higher than our ultrathin SPDC source



due to considerable larger thickness and further elaborately engineered phase-matching conditions.
However, the superior optical nonlinearity in NbOCl, over other van der Waals materials enables it
a highly competitive choice in constructing chip-integrated SPDC source via facile van der Waals
integration. On one hand, the brightness of SPDC source is just one of the considerations for
practical applications where preparation and manipulation of quantum entanglement states are also
essential and the facile integration with other photonic structures (i.e., metasurfaces, cavities or
waveguides) will greatly facilitate these aspects that are impossible or difficult for bulky
counterparts. One the other hand, the brightness of our ultrathin SPDC source could also be

considerably enhanced by coupling (integrating) with waveguides, cavities or metasurfaces.

S6.2 Pump power and film thickness dependent photon-pair generation rate
The dependence of photon pair generation rate on pump power and film thickness can be

descripted®! as

442 Pyl

983C2Aeff

sinc?(=5), (19)

Tsppc X
where 7gppc 1s the photon pair generation rate, B, is the pump power, A.rr is the mode
interaction overlap area and can be taken as the laser beam size on film, L is film thickness, dcys
is the effective nonlinear coefficient. The sinc term represents the nonperfect phase-matching among
the wave components. Therefore, the photon pair generation rate scales linearly with pump power
and quadratically with thickness, provided that the thickness of flakes considered here are all within

the coherence length (L, = m/Ak = ~2 um, in transmission geometry) and photon pair are always

generated in phase.

S6.3 Additional data
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Figure S28 | Typical normalized second-order correlation functions for flakes of different

thicknesses, with a pump power of 3 mW.
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Figure S29 | Information on the bi-photon bandwidth. (a-d) SPDC results measured with

different filter configurations. The polarization of pump is kept along the crystallographic b-axis

(noted as H) while the collection polarization of SPDC photons is either along b-axis (HH) or c-axis

(HV). (e) Measured coincidence rate with different filter configurations. (f) Average coincidence

rate per 1-nm channel with different filter configurations. These results reveal a broad and relatively

flat bi-photon bandwidth in our sample.



S7. Supplementary tables

Table S1 | Comparison of bandgap evolution of various 2D materials

Materials Bandgap/eV Evolution | Reference

IL |2L [3L 4L |10L |18L |bulk | (Eg"-Eg"™)

/Eg"

MoS, 1.9 1.66 | 1.34 1.2 36.8% Ref. 24
MoSe» 1.58 | 1.46 1.2 24.1% Ref. 5
WS, 203 [ 1.75 | 158 |15 1.47 | 38.1% Ref. 24-26
WSe» 1.68 | 1.53 | 143 1.25 | 25.6% Ref. 5
MoTe; 1.08 | 1.05 | 1.03 |1 093 | 13.9% Ref. 27
Black 1.73 | 1.15 | 0.83 |0.75 035 | 79.8% Ref. 28
phosphorus
ReS; 1.6 1.52 | 1.5 1.5 6.25% Ref. 5
NbOCl, 199 [ 198 | 198 1.98 | 0.5% This work
(HSE)
NbOCl, 2.27 221 | 2.6% This work
Gw
NbOCl, 1.62 1.60 | 1.60 | 1.61 | 1.60 | 1.2% This work
(Exp.)*

*The experimental value is the absorption onset energy derived from EELS data.

Table S2 | Calculated Raman-active and infrared (IR)-active phonon

modes, and

experimental Raman-active phonon modes of NbOCI, with their irreducible
representations at room temperature.

Phonon | Activity Calculated Calculated Experimental Symmetry

mode energy [cm!] intensity [a.u.] energy [cm!]

1 Raman 0 5.8 A

2 Raman 0 2.6 B

3 Raman 0 0.0 B

4 Raman+IR | 109.0 0.3 B

5 Raman 113.6 2.1 A

6 Raman+IR | 115.8 0.8 B

7 Raman+IR 127.1 11.1 A

8 Raman+IR | 133.3 29.7 B

9 Raman+IR | 151.2 1026.3 161.9(P1) A




10 Raman+IR | 161.9 2036.4 176.7(P2) A
11 Raman+IR | 173.3 60.5 A
12 Raman+IR | 209.5 99.1 B
13 Raman+IR | 230.7 27.5 B
14 Raman 242.2 20.3 A
15 Raman+IR | 249.1 4.1 B
16 Raman+IR | 255.2 2007.2 A
17 Raman+IR | 264.0 1.6 B
18 Raman 280.1 231.4 B
19 Raman+IR | 282.4 1565.8 298.0(P3) A
20 Raman+IR | 297.8 58.4 A
21 Raman+IR | 323.6 1748.4 341.4(P4) A
22 Raman+IR | 369.1 5.6 B
23 RamantIR | 580.5 5.0 B
24 RamantIR | 587.2 13823.1 669.5(P5) A

Table S3 | Comparison of pressure and temperature coefficient of the most prominent out-

of-plane Raman mode of NbOCI; and other typical 2D materials.

Materials Raman mode dw/dP (cm™'/Gpa) ¥ (cm/K)
Graphene G 1.991291 -0.01621301
MoS; Aig 2.7831 -0.0123031
MoSe> Aig 2.4 -0.00541331
WSe; Aig 1.52B4 -0.00321331
WS, Ajg 3.003% -0.01030¢!
MoTe; Ajg 2.5037 -0.00811381
Black Phosphorus | Aj 43913 -0.023140]
SnS Ag - -0.016141
SnSe AL 2.5614) -0.00911431
ReS; Ag-like 10 -0.0083141
NbOCl, As (.73 this work] -0.0088lthis work]

Table S4 | Typical SHG processes in various 2D materials and bulk crystals

Material SH wavelength [nm] | y® [pm/V]* | 1 [W']** | Thickness*** | Reference

MoS> 500 120 - ML Ref. 45
780 29 2.4x10% | ML Ref. 46
500 5000 1x1012 ML Ref. 47
680 40 - ML Ref. 48

405 311 - ML Ref. 49




440 300 - ML Ref. 50
780 (non-resonant) 5 7.5x10°¢ | ML Ref. 51
MoSe; 600-900 10-50 - ML Ref. 48
775 4500 - ML Ref. 52
460 300 - ML Ref. 50
780 37 3.5x10% | ML Ref. 51
WS, 415 4500 - ML Ref. 53
560 630 - ML Ref. 54
440 300 - ML Ref. 50
404 4000 1.6x10% | ML This work
780 (non-resonant) 16.2 0.67x10* | ML Ref. 51
WSe» 400 248 1.4x10* | ML Ref. 55
740 62 5x10-13 ML Ref. 56
408 5000 - ML Ref. 57
425 360 - ML Ref. 50
780 (non-resonant) 16.5 0.67x104 | ML Ref. 51
MoTe; 500 50 - ML/FL Ref. 58
h-BN 405 20 - ML Ref. 49
400 40 - ML Ref. 59
GaSe 780 18 - 9L Ref. 60
605 140 - bulk Ref. 61
400 30 - 2-10L Ref. 61
GaTe 760 1.15 4.5x10°"7 | 57 nm Ref. 62
InySe; 800 40 - ML Ref. 63
PdSe; 440 51.7 - 4L Ref. 64
AgInP,S¢ | 400 <50 - ML Ref. 65
Crlz 450 2000 - 2L(4K) Ref. 18
3R-MoS; 600 30 - bulk Ref. 10
GaAs 1533 119 - bulk Ref. 66
B-BaB:04 | 532 2 - bulk Ref. 15
(BBO)
a-Si0; 529 0.8 - bulk Ref. 56
(quartz)
AIN 775 4.7 - bulk Ref. 22
GaP 1313 36.8 - bulk Ref. 66
LiNbO; 404 40071 5.5x10'"" | 500 nm This work
BaTiO; 450 30 - bulk Ref. 67
NbOCl, 404 400 3.12x10°" | 110 nm This work

* Note y® =2d, 7f» Where d.zf is the effective second-order nonlinear coefficient.

** For direct comparison among different materials, the conversion efficiency is defined as n =
Py, /[P,]?, where P, and P,, are the power of pump and SHG respectively.

*#*] =layer, ML=monolayer, FL=few-layer.
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