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Abstract: Parametric nonlinear optical processes are instrumental in optical quantum technology
for generating entangled light. However, the range of materials conventionally used for producing
entangled photons is limited. Metal-organic frameworks (MOFs) have emerged as a novel class
of optical materials with customizable nonlinear properties and proven chemical and optical
stability. The large number of combinations of metal atoms and organic ligand from which bulk
MOF crystals are known to form, facilitates the search of promising candidates for nonlinear
optics. To accelerate the discovery of next-generation quantum light sources, we employ a
multi-scale modeling approach to study phase-matching conditions for collinear degenerate
type-II spontaneous parametric down conversion (SPDC) with MOF-based one dimensional
waveguides. Using periodic-density-functional theory calculations to compute the nonlinear
optical properties of selected zinc-based MOF crystals, we predict polarization-entangled pair
generation rates of order 10* — 107 s”'mW~! at 1064 nm for 10 mm crystals, improving the
brightness of industry materials such as PPKTP and BBO in some cases. This work underscores
the great potential of MOF single crystals as entangled light sources for applications in quantum
communication and sensing.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The genuine quantum correlations in the electromagnetic field that are harnessed in optical
quantum technology [1] for secure quantum communication [2—4], quantum sensing [5,6] and
quantum information processing [7,8], are ultimately generated through the interaction of classical
light with matter. The experimental performance of some quantum optical protocols can often
be related to properties of the optical materials used in implementations. For instance, for
communication protocols where photon entanglement is critical such as device-independent
quantum key distribution [9,10], the secure bit rate can be related to the number of entangled
photon pairs generated by a laser-driven nonlinear optical crystal [11-13].

Organic crystals have been studied extensively as candidate nonlinear optical materials due to
their intrinsically high nonlinear optical response enabled by electron conjugation [14]. However,
due to the relatively weak non-covalent nature of the interactions that drive molecular packing
in organic crystals [15], the optical stability of organic optical devices is typically lower than
inorganic optical materials such as beta-barium borate (BBO) [16] or lithium niobate (LiNbO3)
[17]. In recent years, metal-organic framework (MOF) materials [18,19] have emerged as
competitive candidates for nonlinear optics due to their hybrid functional structure that combines
the structural and optical stability of inorganic salts with the large nonlinearities of organic
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molecules [20-23]. Experimental demonstrations of large second-order [24—26] and third-order
optical nonlinearities [27] with polycrystalline MOF samples have stimulated materials science
developments [28-31] that have recently enabled the demonstration of three-wave and four-wave
mixing processes with well-defined phase matching in millimeter-scale MOF single crystals [32].

These experimental breakthroughs increase the feasibility of using biaxial MOF single crystals
for implementing quantum optical nonlinear processes such as spontaneous parametric down-
conversion (SPDC). The generation of photon pairs having energy-time entanglement via type-1
SPDC was studied theoretically for zinc-based MOF crystals with tetrazolate ligands [33], using
a multi-scale modeling methodology that combines solid-state electronic structure calculations
with phenomenological quantum optics theory. The influence of the structural and compositional
details of tetrazole-based MOF crystals on the nonlinear efficiency at room temperature was
then computationally studied [34], improving our understanding of the design features that are
critical for discovering high-performing MOF nonlinear optical devices. This methodology was
recently used to screen a publicly available database containing 10> MOF crystal structures
with known synthetic procedures [35] and identify dozens of MOF candidate materials that are
suitable for entangled photon generation in collinear degenerate type-I SPDC [36]. Related
modeling approaches have also been used for studying optical nonlinearities in two-dimensional
materials [37-39].

In this work, we explore the potential of MOF single crystals as polarization-entangled photon
sources, by studying the generation rate and correlation times of entangled photon pairs produced
in collinear degenerate type-II SPDC in a single-mode waveguide configuration, as is illustrated
in Fig. 1. Waveguides are key optical components in integrated photonics [40,41]. By selecting
example crystal structures from a class of non-centrosymmetric zinc-based MOFs of experimental
interest [30,32], and comparing their predicted brightness with existing photon pair sources
based on periodically-poled potassium titanyl phosphate (PPKTP) and beta-barium borate (BBO),
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Fig. 1. Entangled photon generation with metal-organic frameworks. (a) Illustration of
degenerate collinear type-II SPDC with a single crystal MOF waveguide with length L.
Pump photons with wavevector k;, and frequency 2w enter the waveguide with lab-frame
vertical polarization V and produce a pair of polarization entangled photons with vertical
and horizonal (H) polarizations in the same input direction, each with frequency w and
wavevector k. The crystal optic axis z. sets a polar angle 6 and azimuthal angle ¢ with
respect to the propagation direction k. (b) Schematics of the coordination of organic ligands
with suitable metal ion nodes to form non-centrosymmetric MOF crystal structures.
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we identify MOF candidates that outperform existing polarization-entangled photon sources in
terms of brightness at visible and near-infrared wavelengths, demonstrating the potential of MOF
materials as novel quantum light sources in bulk and integrated photonics.

The rest of this work is organized as follows: In Sec. 2, we introduce the MOF crystals studied
in this work and review the methodology to evaluate the phase matching conditions in collinear
type-1I SPDC. In Secs. 3 and 4, we discuss the generation rates of polarization-entangled photon
pairs predicted for each MOF crystal and their intrinsic pair correlation times. Comparisons with
experimental results for PPKTP waveguides of equivalent dimensions are made. In Sec. 5, we
conclude and suggest future research directions.

2. Type-ll SPDC with MOF single crystals

Here we describe the phase matching conditions established for type-II SPDC with the MOF
crystals studied, report the calculated Sellmeier coefficients for each crystal and describe the
effective nonlinearity angular maps at selected signal wavelengths.

2.1. Collinear type-Il phase matching for biaxial MOFs

Spontaneous parametric down-conversion (SPDC) [42—44] is a nonlinear optical process in
which a pump photon of frequency w, and wavevector k,, is spontaneously converted into a pair
of photons with frequencies and wavevectors (w;, k) and (w», k;), upon propagation through
an optical medium with non-vanishing second-order optical susceptibility y® [45]. Energy
conservation requires that w; + w> = w, and momentum conservation implies the phase matching
condition k, = ki + k;. The waves involved in the mixing process have a specific polarization
configuration that determines the type of phase matching implemented.

Under conditions of type-II phase matching, the polarization state of one of the output photons
is parallel to that of the pump and the second photon in the output pair has orthogonal polarization
[46,47]. Denoting the plane that contains the pump ray Kk, and crystal optic axis (OA) as the
extraordinary direction (e) and the axis orthogonal to it as the ordinary direction (0), in a type-II
SPDC process the polarization combinations (oeo, ooe, eoe, eeo) are allowed for the waves at
(wp, w1 wy), respectively. The relative strength of these wave-mixing channels is given by the
combined influence of the orientation of the pump rate and polarization relative to the incidence
face of the crystal and the contraction of the nonlinear susceptibility tensor with the input and
output polarization states. The latter determines the effective nonlinear coefficient [46]

deir = Xjy Eiwp)Ej(@1)Ex(w)), 1)
where E;(w) denotes the electric field component of the wave at frequency w in the cartesian
crystal frame (i = x, y., z.). We follow standard notation and set the optic axis as the z. direction
(see Fig. 1(a)). Given the polar angle 6 of optic axis relative to the pump ray and the azimuthal
angle ¢, the vectorial phase matching equation Ak = k, —k; —k; = 0 implies a biaxial condition
for collinear degenerate SPDC given by (n, + + 1o, —) = 212, - [48], where the n,, . are the
propagation indices of the signal and idler photons and 7, — is the pump index. The effective
index n,, for a given propagation direction k = (k,, ky, k;) is obtained by solving for x = 1/ nz) in
[48-50]

K K K

-2 -2
X =Nz

- =0 @
X—Nygy X—Nyg
where k, = sinf cos@, k, = sinf sing and k; = cos@. ny,, ny,, and n.,, are the real refractive
indices along orthogonal crystal directions, obtained from measurements or electronic structure
calculations, as in this work.

We follow standard notation and denote biaxial crystals as negative or positive, depending

whether n; — ny,>n, — n, (positive) or n, — n,>n; — n, (negative) [36,48]. When computing the
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effective nonlinearity of MOF crystals, d.g, the assumed polarization configuration is ooe for
positive biaxial, and eoe for negative biaxial.

2.2. MOF Sellmeier coefficients and effective nonlinearities

We follow the procedure in Ref. [33] to compute the refractive indices n, ny and n, using periodic
density-functional theory (DFT) at different wavelengths, for seven non-centrosymmetric MOF
crystals: MIRO-101, MIRO-102, MIRO-103, AQOROP, MOFTIL, ECIWAO and OFUWIV. The
MOFs in the MIRO group have received experimental interest due the possibility of controlling
the growth mechanism using simple additives [28—31]. The other MOF crystals were recently
identified as suitable candidates for optical frequency conversion in a large-scale computational
screening study [36]. Particularly, OFUWIV crystals have a good trade-off between d.¢ and
bandgap. The chemical composition and crystal properties of all the structures studied here are
given in Supplement 1 (SM).

Table 1 shows the corresponding Sellmeier coefficients of the obtained by fitting €;;(1) to the
two-term expression [51]

B A2 By A2
2-C +/12—C2’
where A is in units of nm. As a representative example, Fig. 2(a) shows the predicted Sellmeier
curves for MOF Zn(4-pyridylacrylate), (ECIWAO). Figure 2(b) shows the orientations of the
pump wave with respect to the crystal optic axis (tuning curves) that give perfect collinear
degenerate ooe phase matching for type-II SPDC at 1064 nm and 1546 nm signal wavelengths in
ECIWAO. Figure 2(b) serves to design MOF crystal growth protocols. The Sellmeier curves and
phase-matching tuning curves for the other MOF crystals are given in the SM.
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Fig. 2. Sellmeier curves and phase matching conditions for ECIWAO. (a) Theoretical
Sellmeier curves for biaxial MOF Zn(4-pyridylacrylate), (ECIWAO). (b) Polar and azimuthal
angles 6 and ¢ with respect to the crystal optic axis z. that give perfect collinear degenerate
phase matching for ECIWAO at 1064 nm (blue circles) and 1546 nm (red circles) signal
wavelengths.

As discussed in Sec. 3, the effective nonlinearity deg of an optical crystal determines the
brightness of the down-converted entangled photon source. We compute d.¢ for each MOF
by contracting the calculated second-order susceptibility tensor elements Xﬁ) with the unit
polarization vectors of the pump and signal waves involved in the type-II SPDC process, according
to Eq. (1). The second order tensor susceptibility elements are taken from Refs. [33,36]. Taking
again ECIWAQO as a representative example, Fig. 3 shows the angular distribution of d.g values
(in units of pm/V) along the phase-matching tuning curves in Fig. 2(b). We show nonlinearity

mappings for perfect phase matching at 1064 nm signal wavelength in Fig. 3(a) and 1546 nm
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Table 1. Sellmeier coefficients for the refractive index function along orthogonal crystal directions

for the seven MOF crystals studied in this work, obtained by fitting periodic DFT calculations to
Eq. (3). MIRO-101 and MIRO-103 are uniaxial with ny = ny,. We denote a x 10% = a[b].

Crystal Axis Type A By Cy By Cy
ng 1.7833 8.9000[-3] 1.44323712[5] 3.6470[-1] 4.96202890[4]
MIRO-101 ny negative 2.1078 2.5100[-2] 1.41489044[5] 1.0871 5.62150205[4]
ng 2.1072 1.4606 1 4.804[4] 9.5309[-2] 1.1700[5]
MIRO-102 ny negative 2.1385 1.1527 4.7765(4] 7.6600[-2] 1.1666[5]
ny 1.7890 5.030[-2] 1.0701[5] 7.432[-1] 3.584[4]
n; 2.0731 1.2882 5.76235328[4] 1.0700[-2] 1.59071640(5]
MIRO-103 ny positive 1.9010 5.1430[-1] 5.12308938[4] 4.0800[-2] 1.57385759[5]
n; 2.8003 4.2754[-3] 2.588765[5] 1.6691 1.196108[5]
AQOROP ny negative 2.5488 1.1271[-2] 2.615202[5] 9.2632[-1] 9.59809[4]
ny 2.0158 0.2528 8.56394[4] 1.91085[-3] 2.643108[5]
n; 2.2009 0.2387 1.10517[5] 1.2356 6.3153[4]
MOFTIL ny negative 2.2272 0.20521 1.14011[5] 1.08380 5.9434[4]
ny 1.7729 0.5111 3.6259[4] 8.00487[-3] 1.16680[5]
ng 1.56880 0.1525 4.5188[4] 1.1823 1.9770 [4]
ECIWAO ny positive 2.2368 0.75972 8.981561[4] 7.18826[-3] 2.7285289[5]
ny 1.91004 5.6766[-1] 8.756205[4] 1.31190[-2] 2.446305(5]
ng 1.569 0.1525 4.5188 [4] 1.1823 1.9770
OFUWIV ny positive 1.6505 3.3636 [-2] 5.4654 [4] 0.8141 2.3403 [4]
ny 1.4569 8.6240 [-2] 4.9653 [4] 0.8962 1.6785 [4]

in Fig. 3(b). These two wavelengths were selected among other possible choices due to their
common use in SPDC experiments [45,52]. Optimal nonlinearities deg ~ —8.8 pm/V at 1064 nm
are possible for ECIWAO for signal propagation at § ~ 78° and ¢ ~ {31°, 150°}. Nonlinearity
maps for other MOF crystals are given in the SM. In general, the magnitude of the nonlinearities
predicted for MOFs are comparable with commercial-grade crystals such as KDP (0.38 pm/V),
BBO (1.94 pm/V), LiNbO3 (d2=2.47 pm/V) [53], and KTP (3.5 pm/V) [54,55].

ECIWAO 1064 nm ECIWAO 1546 nm
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Fig. 3. Effective nonlinearity map. (a) Effective nonlinearity map deg (in pm/V) for polar
and azimuthal angles (6, ¢) (in degrees) that give perfect collinear degenerate phase matching
for type-11 SPDC with ECIWAQO crystals at 1064 nm signal wavelength; (b) deg angular map
for 1546 nm signal wavelength.



Research Article Vol. 32, No. 17/12 Aug 2024/ Optics Express 29519 |
Optics EXPRESS A N \

3. Polarization-entangled photon pairs

Having established the frequency dependence of the phase mismatch Ak and obtained the effective
nonlinearity deg of a target MOF crystal using ab-initio electronic structure calculations, we now
use these material parameters to construct a quantum optical description of SPDC that enables an
analysis of the temporal correlations of the generated photon pair [33,36] as well as the overall
brightness of the entangled photon source in terms of the number of pairs produced per unit time,
normalized by pump power.

3.1. Glauber two-time intensity correlation

The spectral and temporal properties of entangled photon pairs produced via SPDC are described
by a two-photon wavefunction that for a monochromatic pump and one-dimensional propagation
can be written as [43]

¥) = A / oo, (R, 0,) ()2 (@p — 5) [0) @

where aj and aj are the field creation operators for the signal and idler photons in the pair,
respectively. Q, is the fixed pump frequency and wj is the frequency of one of the photons in
the pair (e.g., signal). The other photon frequency (idler) is fixed by energy conservation as
w; = Qp — w,. As discussed below, the constant A encodes the dependence of the two-photon
state with physical parameters such as d.g, L, and pump power. For the one-dimensional case
discussed here, A also includes the transverse field overlap of the three waves involved [45].
Realistic analysis of the field profiles of pump and signal waves would require solving Maxwell’s
equations for specific waveguide fabrication geometries [56]. Generalizations of Eq. (4) for other
types of phase matching conditions involving three-dimensional field propagation can be found
in Refs. [57-62].

The joint spectral amplitude @ in Eq. (4) is determined by the details of phase mismatch
configuration along the propagation direction. For type-II phase matching we have ®(w) =
sinc(wDL/2) exp[iDL/2], where

dk,
 dw,
Q

B dk,
dw,

D

&)

Q.

0

is the inverse group velocity difference at the central output frequencies Q, and ., corresponding
to the ordinary and the extraordinary waves. For degenerate phase matching we have Q, = Q, =
Q,/2. k, and k. are the ordinary and extraordinary wavenumbers at these frequencies. The
wavenumber derivatives can be obtained numerically using the Sellmeier parameters in Table 1.

The probability of two photons to arrive at equally distant photodetectors with delay time 7
is given by the two-time Glauber intensity correlation function G® (1) = |[(0|E (1)E(0)|¥)|?
[43,45,57], where Ei(t) represents the effective field operator at the detector location. Up to a
normalizing constant, the two-photon state in Eq. (4) gives

> T
G(r) = ‘/ dv sinc(vDL/Z)e_(?)e""”g(‘%) (6)

where the integral is evaluated numerically for a range of detunings v around €,/2, for an
integration bandwidth proportional a few times the characteristic frequency v, = (DL/2)"!. o is
the detector bandwidth.

Figure 4 shows the G@ functions predicted for ECIWAO, AQOROP, MOFTIL and OFUWIV.
The assumed detector bandwidth is o = 1 nm and crystal length L = 10 mm . From the simulated
G® function, we estimate the length-dependent photon correlation timescale 77 as the full-width
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half-maximum (FHWM) of the best Gaussian fit, giving values in the range 7, ~ 1 — 6 ps for
the MOF studied, depending mostly on the amount of birefringence and slopes of the Sellmeier
curves at perfect phase matching. The temporal width of G is directly related to the inverse
group velocity difference D, which is an intrinsic crystal property [33,43]. Biphoton wavepackets
can be engineered by material dispersion to match the timescales of ultrafast electronics [63].
The photon autocorrelation times of the MOFs studied are similar to those of conventional optical
crystals [43] for equivalent propagation lengths.

1 -
—— ECIWAO
I — — AQOROP
0.8 — -~ MOFTIL

0.6

G (1) (au.)

0.4

z(ps)

Fig. 4. Intensity autocorrelation functions. G? function, normalized to its maximum value,
for ECIWAO, AQOROP, MOFTIL and OFUWIV crystals (L = 10 mm), under conditions of
perfect collinear degenerate type-II phase matching for SPDC at 1064 nm.

3.2.  Photon pair generation rates

In order to calculate the absolute pair generation rate via SPDC, the two-photon wavefunction |¥')
in Eq. (4) needs to be fully characterized in terms of physical parameters. Explicit expressions
for the constant prefactor A can be obtained from microscopic derivations based in perturbation
theory, assuming three-dimensional wave propagation in the crystal [43,45,57-62].

We follow closely the derivation in Ref. [45] and assume propagation of a monochromatic
collimated Gaussian pump beam of wavelength A, on a rectangular MOF waveguide with a
sub-wavelength transverse area L, X L, and propagation length L, = L in the millimeter regime
(i.e., L > 24,). The waveguide is assumed to support a single guided mode and the transverse
intensity profiles of the pump and down-converted light is taken as zeroth-order Hermite-Gaussian
modes with characteristic widths w, (pump), w; (signal), and w; (idler). For simplicity, we set
signal and idler transverse widths equal (w; = w;). The counting rate for collinear type-II SPDC
is thus [45]

2
|EQ)2(deft)*L? nggng; | W2
=7 > °2 e / dw w (Q, — w) sinc*(Ak(w)L/2) (7
nc nshi | wy + 2w,

where |E2| = |D2| /e, n? is proportional to the monochromatic pump peak magnitude |D2|. The
power delivered by a Gaussian pump beam is given by P = ¢|D)|*n0;, /n*€. n, and n; are the
refractive indices of signal and idler fields, respectively. ng, and n,,; are the corresponding group
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indices. The frequency-dependent phase mismatch Ak(w) is obtained from the Sellmeier curves
as discussed above, and d.g is evaluated at the optimal polar and azimuthal angles (see Fig. 4(a))
for each MOF. In general, we expect Eq. (7) to underestimate the source brightness by a small
geometry-dependent factor, but otherwise giving an accurate order-of-magnitude prediction [45].

Table 2 lists the photon pair generation rates R predicted for selected MOF crystals. For
comparison with experiments using rectangular single-mode PPKTP waveguides [45], we set
wy = 1.875 um and w;, = 0.875 um. The band gap Eg and optimal polar and azimuthal angles,
and optimal d.¢ are also reported. The bottom rows show the measured values of R for different
implementations of type-II SPDC using PPKTP [45,65,66] and BBO [67] sources of comparable
crystal length and generation wavelength.

Table 2. Number of entangled photon pairs (R) generated via SPDC at signhal wavelength s per
unit second, per milliwatt of pump power, per millimeter crystal length, for the single-mode MOF
waveguides studied in this work. The intrinsic two-photon correlation time 7, crystal band gap Eg,
optic axis polar angle 9 and optimal azimuthal angle ¢ for collinear biaxial phase matching are also
given. Where MIRO-101 and MIRO-102 are uniaxial crystals, for more information see SM. Selected
experimental pair generation rates obtained with PPKTP and BBO crystals are shown for
comparison in the bottom rows.

Crystal Acm)  Lmm)  RGET'mWD) lder| (pmVT!) 7 (ps)  Eg(eV)  O(deg) ¢ (deg)
MIRO-101 1064 10 7.4 %10° 0.86 2.5 3.15 289 125.22
MIRO-102 1064 10 5.4x10* 0.29 2.7 3.10 87.88 160.64
MIRO-103 1064 10 3.0x 10% 0.13 2.1 2.98 36.5 29.9
MOFTIL 1064 10 6.2 x 105 1.01 3.2 3.26 116.4 161.9
1546 10 7.7 x 104 0.38 1.4 3.26 70.22 10.62
AQOROP 1064 10 1.6 x 107 7.38 5.8 2.36 114.76 18.97
1546 10 1.4 %105 0.55 1.7 2.36 55.11 55.10
ECIWAO 1064 10 3.1 x 107 8.85 6.3 2.28 102.92 148.66
1546 10 3.4 % 10° 0.67 1.5 2.28 137.95 164.78
OFUWIV 1064 10 2.6 x 10° 0.83 0.8 5.07 139.45 168.74
PPKTP [45] 1546 21.2 3.5 x 107 3.18 - 3.52 [64] - -
PPKTP [65] 810 30 5.5 % 100 3.18 - 3.52 - -
PPTKP [66] 800 30 236 % 10° 3.18 - 3.52 - -
BBO [67] 762 9 ~7x 104 1.5 [68] - 6.43 [69] - -

4. Discussion

The results in the previous section demonstrate the possibility of finding candidate MOF crystals
that are as efficient or better than industry-leading PPKTP and BBO in terms of d.g (in pm/V)
and absolute pair brightness (in s~'mW~!). However, these are not necessarily the best metrics
when comparing nonlinear optical materials. For example, BBO is nominally less efficient than
ECIWAO when values of d.g for type-1I SPDC are compared, but its bandgap (~ 6.4 V) is
much higher than ECIWAO. On average, the bandgap of mono-ligand MOF crystals, like those
in Table 2, are about 0.9 eV lower than the HOMO-LUMO gap of the corresponding organic
ligand [36]. High bandgaps minimize two-photon absorption heating when pump laser fields are
used at visible wavelengths, which in turn allows the use higher pump intensities (larger damage
thresholds), leading to higher coincidence counts. From this point of view, OFUWIV offers a
favorable combination of relatively high bandgap (~ 5.1 eV) and large effective nonlinearity (0.9
pm/V).

AQOROP and ECIWADO crystals have values of d.g at 1064 nm exceeding PPKTP twofold
or more, but their relatively low band gaps (~ 2.2 — 2.4 €V) suggests that such high-nonlinear
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performance could be better exploited using longer pump wavelengths (1,>800 nm). Since deg is
expected to decrease with increasing wavelength due to dispersion [47] (see also 1546 nm results
in Tab. 2), a trade-off between nonlinear efficiency and and bandgap must be found for each
material when laboratory implementations are considered. For example, monolayer transition-
metal dichalcogenides have very large nonlinearities (y® ~ 10? — 103 [38]), which compensates
the lack of path length for wave-mixing, but have relatively low bandgaps (E¢<0.9 — 2.0 eV).

Tetrazole-based MOF crystals such as MIRO-101, for which growth protocols reaching the
millimeter regime are known [30], have sub-optimal conversion efficiencies relative to PPKTP,
but compare well with other commonly used optical crystals such as BBO [67] and KDP
[70]. Non-porous single crystal MOFs like the ones studied here represent an improvement
over conventional organic optical materials in terms of thermochemical stability [71] and heat
transport properties [72]. However, to fully assess the potential of this novel optical material
class for applications in classical and quantum optics, further studies of the MOF self-assembly
process [73] and the optical stability limits of these materials are needed.

High-quality entangled photon sources are enabling tools in photonic quantum technology
[1,8]. Modern applications in quantum communication strongly rely on SPDC sources for
high-dimensional photonic entanglement and heralded single photons [74], making the prospects
for applicability of efficient nonlinear optical materials such as MOFs in next-generation quantum
devices highly promising. Recent breakthroughs in MOF crystal engineering have enabled the
fabrication of bulk-size crystals that are suitable for free-space quantum optics [30,32], but other
quantum applications such as photon triplet generation via third-order SPDC [75-78] are also
promising research directions because they do not require millimeter-scale single crystals and
could be implemented using polycrystalline samples.

5. Conclusions

We explored non-centrosymmetric MOF single crystals as suitable quantum light source materials.
We theoretically studied the features that characterize the indistinguishability and brightness of
type-II SPDC entangled photon waveguided sources and identified specific MOF structures with
known synthetic procedures that have the potential to exceed the theoretical down-conversion
efficiency limits of widely used nonlinear optical crystals such as BBO and PPKTP [79-82].
The predicted polarization-entangled photon pair generation rate of Zn(4-pyridylacrylate),
waveguides [ECIWAOQ, Table 2] is higher than some experimental implementations of SPDC
with bulk PPKTP crystals of comparable propagation lengths [65,66], which is promising for the
stimulating the development of novel MOF-based photonics.
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