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Spontaneous parametric downconversion (SPDC) has been predicted in atomically thick crystals, though not yet
observed. In this work we uncover physical and experimental constraints of photon-pair generation in such planar
nonlinear films with a free-space illumination/collection geometry. We measure the material nonlinear response
of monolayer tungsten diselenide via second harmonic generation and subsequently calculate the expected SPDC
efficiency from appropriate quantum-classical relations. Energy and momentum conservation shape the wave-
vectors of photon pairs in free-space and allow us to calculate the loss and coincidence-to-accidental ratio in
various configurations. This work improves the understanding of the nonlinear quantum optical potential of
these crystals, guides their experimental validation, and provides a performance benchmark for these ultrathin

materials. © 2018 Optical Society of America
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1. INTRODUCTION

Spontaneous parametric downconversion (SPDC) is the prob-
abilistic conversion of an input photon into a pair of strongly
correlated signal and idler photons. Predicted in 1967 and ob-
served soon after in bulk crystals [1-3], it has since become a
standard platform for entanglement generation and heralded
single-photon sources [4,5]. A large number of SPDC integrated
sources have been proposed and demonstrated over the years with
small footprints, high brightness, and excellent purity of generated
photon states. Examples include microtoroids [6,7] and integrated
waveguides [8—12] with sizes fundamentally limited by diffrac-
tion. However, in these typical structures it can be difficult to
independently engineer input and downconverted light dispersion
relations to fulfill phase matching conditions, and linear and non-
linear optical properties are often linked as well, complicating de-
vice design and limiting device flexibility. On the contrary, highly
subdiffraction sources of correlated photon pairs would be auto-
matically phase-matched, inherently broadband, and decouple
the optimization of intrinsic linear and nonlinear properties.
Monolayers of group IV transition metal dichalcogenides
(TMDCs) are an interesting platform for subdiffraction photon
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pair generation thanks to their record-high intrinsic second
order optical nonlinearity [13—19]. Moreover, heterostructures,
mechanical strain [20-22], and electrostatic doping [23-25]
have all been shown to offer a way to dynamically control
bandgaps and nonlinear responses [26], which could enable
low latency control of photon pair generation. In this paper
we take a first step toward understanding the potential of
TMDC:s for nonlinear optical generation of photon pairs via
SPDC. Our starting point is a TMDC monolayer as sketched
in Fig. 1, where both illumination and collection occur in free
space. We perform second harmonic generation (SHG) experi-
ments and harness the correspondence between stimulated and
spontaneous nonlinear optical interactions [27-35] to calculate
the expected SPDC brightness. Our results include estimates
of SPDC emission patterns as well as linear propagation and
collection losses. We show that a pump at normal incidence
leads to omnidirectional pair emission and a maximum pair
collection probability. The small interaction volume limits
the pair generation efficiency of our structure to be well below
typical waveguide-based integrated sources and, as such, the
observation of SPDC from a TMDC monolayer could prove
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Fig. 1. SPDC from a monolayer of the TMDC WSe,. A pump
photon (blue) is incident from free space onto the nonlinear film and
spontaneously converts into a signal (red) and an idler photon (orange).

Pump

challenging. However, we calculate that for dark-count limited
measurements, the signal to noise ratio for such sources of pho-
ton pairs, known as the coincidence-to-accidental ratio (CAR)
[36], could still be larger than 10. Our results pave the way to
the experimental demonstration of localized SPDC in atomi-
cally thick films and provide a benchmark for the performance
of other structures based on these materials.

2. QUANTUM CLASSICAL CORRESPONDENCE

SPDC is a quantum nonlinear process in which the zero-point
vacuum field stimulates an input photon to transform into a
pair of correlated photons. Energy and momentum must
be conserved [37,38], and the probability that the process
occurs depends quadratically on the medium second order
susceptibility 2.

The same conservation laws and scaling apply to the reverse
(classical) process of SHG where two input photons give their
sum energy to a single output photon. Although one process is
quantum and the other classical, the efficiency of one can be
estimated knowing the efficiency of the other [27,28,31-35].
While in general the effect of loss in the nonlinear medium
has to be considered [29,30], here we neglect the loss since
the material has an absorption coefficient of the order of
a =108 m™! [39] with a thickness of only Z = 0.7 nm [26].
Furthermore, we approximate the TMDC monolayer as an
incredibly short waveguide with a cross-sectional area equal
to the diffraction-limited area of the pump beam (Agyg or
Asppc as appropriate).

Working in the undepleted pump approximation, we may
write the photon flux generated in a perfectly phase-matched
SHG experiment as

Re Ay PP
SHG ™= TF 2thPASHG ’
Here Py is the peak power of the input pump at the fun-

damental frequency, Aty is the pulse width, 7% its repetition
period, and

U]

8egningyc’
P=—""— (2
(2))2 w2
eff SH
which has units of power and contains quantities that de-
pend on the nonlinear medium. Additionally the 7, are linear
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refractive indices at the fundamental @y and second-harmonic
wsyy = 2wy frequencies, and ;{i? is the effective material non-
linearity. Note that Eq. (1) is simply the usual quasi-continuous
wave expression for generated SHG power [40] divided by the
energy of an SHG photon, 2Awg, with the phase-matching
term set to unity. As all optical interactions occur over a length
much shorter than a wavelength, SHG in a TMDC monolayer
is well approximated by this expression, even for subpicosecond
pump pulses: the fields are phase matched, any group velocity
mismatch leads to negligible walkoff, and dispersive pulse
spreading can also be neglected.

Similarly, neglecting multipair generation, and in the unde-
pleted pump approximation, the photon pair flux generated in
a perfectly phase-matched SPDC experiment for an ultrathin
waveguide can be written [27]

R B Afp Wy PPL2
SPDC T 3 PAgpe

where Pp is the peak power of the input pump at 2wp with
duration Azp and repetition period 7p. Note that Rgppc scales
only linearly with pump power, whereas Rgjyq scales quadrati-
cally. Additionally, because the process is always phase-
matched, pairs are expected to be generated in a broadband
continuum of modes around wp on the order of the inverse
period of a generated photon (37/wz)! [27]. We reserve con-
sideration of non-energy-degenerate photon pair collection for
future work. The ratio between the generation rates is

3

R = Py, 4

SPDC Pl% Al’F Tp 3z ASPDC P ( )
and allows simple estimation of the rate of SPDC photon pair
generation in a TMDC monolayer given a measurement of the
rate of SHG photon generation in a different experiment with
the same structure. Conveniently, this ratio does not depend on
any material or structure parameters. In Fig. 2 we plot Eq. (3) for
different )(gﬁ) and peak pump powers for the representative ex-
perimental values Afp/7Tp=1.88x107, @wgy = 27 x 3.82 x
10' rad/s (785 nm wavelength), Agppc =4.42x10713 m?,
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Fig. 2. Expected quadratic scaling of the rate of photon pairs gen-
erated via SPDC from a TMDC monolayer calculated using represen-
tative experimental values in Eq. (3), along with the linear refractive
index of WSe, at the fundamental and second harmonic. Calculations
show the expected linear scaling with pump peak power and assume
illumination with an 80 MHz, 235 fs mode-locked pump.



Research Article

674 Vol. 35, No. 4 / April 2018 / Journal of the Optical Society of America B

and L = 0.7 nm, taking the relevant refractive indices to be
np = 4.0 and ngy = 5.1 [39]. Note that for SPDC, the pump
is centered at wgp and photon pairs are collected near wg. This
gives an initial picture of the possible rates of photon pair
generation from individual monolayers of various TMDCs.

3. SPDC BRIGHTNESS FROM MONOLAYER
WSez

Following our quantum-classical relations, a first step in
obtaining an estimate of a potential SPDC generated photon
pair flux is to measure the photon flux generated in an appro-
priate SHG experiment [recall Eq. (4)]. As a concrete example,
here, and throughout the rest of this work, we focus on the
specific TMDC of tunggsten diselenide (WSe,), which is known
to exhibit strong light—matter interactions. In particular, the
optical second-order nonlinearity of WSe, can be reversibly
controlled by electrostatic doping [26], and its magnitude
can be resonantly enhanced by up to a factor of 1000 when
the two-photon laser energy is scanned across its 1s A and
B excitons [14]. In addition, since the first of these resonances
is just above the visible spectrum at 1.65 eV [41], it holds
promise for the generation of telecom-band photon pairs
via SPDC.

The left inset of Fig. 3 shows our experimental setup for
probing the SHG response from a monolayer of WSe,. The
nonlinear film is deposited on a quartz substrate, and both
illumination and collection occur in air. A mode-locked femto-
second laser (80 MHz, 275 fs) centered at the fundamental
wavelength of 1570 nm is focused through air by an infi-
nitely-corrected objective (NA = 0.85). We fit the intensity
profile of the spot at focus with a rotationally symmetric bivari-
ate Gaussian of diameter of 1.6 pm at 1/¢? of its peak. We
calculate the effective area of the pump at focus as Asyg =
7.854 x 1013 m? by modeling the intensity profile of the
pump as a cylindrical beam with diameter 0.625 x 1.6 =
1 pm for energy conservation. A nonpolarizing beamsplitter
is used to both reflect the pump toward the sample and collect
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Fig. 3. Calibrated SHG spectra for different peak powers of an
80 MHz mode-locked pump centered at 1570 nm. Left inset: sche-
matic of the experimental setup. Illumination and collection occur
through the same lens (NA = 0.85), and a nonpolarizing beamsplitter
(NPBS) is used to spatially separate input and output. Right inset:
expected quadratic power dependence of SHG intensity.
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Fig. 4. While the rate of SPDC photon pairs increases linearly with
pump intensity, the power damage threshold of monolayer WSe,
(36 GW cm™) practically limits the maximum rate to 1 mHz (outside
the gray shadowed area). The shaded blue area represents the uncer-
tainty in the calculation.

the generated SHG light, which is then diffracted by a metallic
grating and detected with a high-efficiency CCD array. The
pump is carefully removed in the detection path by means
of interference filters. Figure 3 shows spectra of the frequency-
doubled light centered at half the pump wavelength, 785 nm,
demonstrating that we are able to collect across the entire gen-
eration bandwidth. Intensities were calibrated to account for all
collection, propagation, and detection losses and thus represent
the estimated SHG photon flux that is generated by the WSe,
monolayer and propagates in 47 st on both sides of the sample.
Spectra are presented for different peak powers corresponding
to average power values ranging from 1 to 4 mW and were
collected over 60 s. The blue solid line in the right inset of
Fig. 3 is the ratio Rgyg/P%, which overlaps perfectly with
the line of best fit (dashed line).

In Fig. 4 we plot the predicted rate of SPDC pair generation
in a monolayer of WSe, via Eq. (4) as a function of average
pump intensity (Pp/Asppc). As an example, we consider
the source to be a Coherent Ultra II commercial laser system
where the pump for the SPDC experiment is generated by syn-
chronously pumping an optical parametric oscillator (OPO)
cavity with the same pulse train used in the SHG measurements
(T'y = T’p). Frequency-resolved optical gating traces reveal val-
ues of Az = 275 fs and Azp = 235 fs. While, theoretically,
we could achieve higher and higher rates simply by increasing
the pump power, in practice the damage threshold of WSe, will
limit the achievable rate. We experimentally find this damage
threshold to be 36 GWcm™2, which in turn bounds the rate of
SPDC-generated pairs to Rgppc = 0.001 £ 0.0005 pairs/s, or
1 pair every 16.7 min on average. The uncertainty, which is
represented by the shaded blue area, is calculated assuming that
all quantities in Eq. (4) are known with an error of 5% with the
exception of Rgyg whose variance is estimated from the four
measured data points in the right inset of Fig. 3. Yet while this
rate is considerably smaller than what can be obtained in phase-
matched bulk crystals [42,43] and could make the experimental
observation of SPDC challenging, in the next section we iden-
tify the main contributions of noise and loss in a free-space
measurement setup and show that a CAR greater than 10 could
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in principle be achieved with state-of-the-art single-photon
detectors. Such a measurement would set a record for photon
pair generation from two-dimensional (2D) quantum confined
materials as well as enable the experimental exploration of
scaling laws involving excitonic resonances.

The SHG data in the right inset of Fig. 3 can also be used to
calculate the effective nonlinearity y, Ef) of the WSe, monolayer.
For each of the four measured points we substitute Eq. (2) in
Eq. (1) and calculate 7 ff = 6.63 £1.92 pm/V~!, in good
agreement with previously measured values under similar
optical pumping [26]. Results are obtained for illumination
at 1570 nm with gy = 27 x 3.82 x 10" rad/s, Agyc=
7.85x10%m?, L =0.7 nm, nz =4.0, and ngy = 5.1,
and errors are calculated under the same assumptions detailed
previously for the calculation of Reppc.

4. CAR IN COINCIDENCE MEASUREMENTS

The photon pairs generated by SPDC in atomically thick
materials are emitted in the surrounding medium with a broad
range of pairs of angles, and as such this interaction is best
probed in free space. Such an experimental configuration
has the additional advantage of decoupling the contributions
of the medium and the substrate. The setup in Fig. 5 shows
a single-photon Hanbury, Brown, and Twiss (HBT) interfer-
ometer where collection occurs on both sides of the nonlinear
medium, light is spatially separated by a nonpolarizing beam-
splitter, and is independently detected by two single-photon
avalanche photodiodes. The relative time difference between
detections is discretized in time bins #;,, and its histogram ap-
proximates the g? (z) of the light source. Based on this optical
arrangement we first describe all possible sources of accidental
coincidences that affect the measurement of photon simul-
taneity in monolayer WSe, (see Fig. 6) and provide a simple
expression for the average CAR in such a setting as a function of
loss. We then consider the setup in Fig. 5 and combine mea-
sured and simulated loss terms in Section 5 to calculate the
average CAR expected in a real experiment.

In addition to true coincidences resulting from a pair of pho-
tons, the HBT detectors may register accidental coincidences

Substrate v 2 SPD1

2D Material ,
SPDC | —
SPD2
Tube Lens © = Time
Aperture —— Collimating
Lens

Fig. 5. Experimental setup for the measurement of the strong tem-
poral correlation of SPDC photon pairs in monolayer WSe,. Pump
photons at 785 nm spontaneously convert into pairs of signal and idler
photons around 1570 nm. The near infrared light is split at a beam-
splitter, BS, and detected by single photon avalanche photodiodes for
statistical analysis.
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Fig. 6. Breakdown of the processes that lead to (a)—(e) accidental
coincidences and (f) true coincidences: (a)—(b) simultaneous dark
and background detections; (c) bunching of photon pairs at one out-
put of the beamsplitter followed by a dark or background detection;
(d) detection of breakdown flashing following any detection event;

(e) linear loss causes only one photon of the pair to be detected
together with noise.

due to thermal noise in the detectors Ry,y, background radi-
ative emission from the material statistically uncorrelated with
SPDC process Ry, or breakdown flashing in the detectors Ry
[44]. The total rate of accidental coincidences can thus be
written to account for all these effects as

Rac = Ry + R, + R + RS+ RE (6)

loss

where a distinction is made between terms that involve two
coincident noise detections, nn, and those involving noise—signal
detections, ns. Note that the former are always present even if
there is no generation of photon pairs. The latter, which can
only occur in the presence of a mixture of signal and noise,
can be further decomposed into a term that depends on the
total photon loss R* and one that depends on the beamsplitter
RY. The former describes cases when one photon of the pair is
lost and the detection of the other photon coincides with a noise
event on the opposite arm of the interferometer. The latter, R},
arises from the probabilistic bunching of the photons the beam-
splitter and the simultaneous detection of a noise event on the
opposite arm of the interferometer. If the energy band diagram
of the nonlinear film is engineered so that the SPDC pump
energy is sufficiently below the bandgap, spontaneous emission
(i.e., fluorescence) can be neglected, = 0. Although spec-
trally broadband, breakdown ﬂashlng %n actively quenched
single-photon detectors can be deterministically filtered and
its contribution to the accidentals neglected RPf = 0 [44].
Furthermore, if the rate of dark detections dominates over
the rate of SPDC pairs, both R and R} can be neglected
as the number of accidentals due to noise—noise detections
dominates over noise—signal ones. Under these assumptions
Eq. (5) reduces to

R AC N Rﬁ:rk' (6)

This is the case we are concerned with, as the maximum ex-
pected rate of photon pairs calculated for a WSe, monolayer
is five orders of magnitude smaller than typical dark count rates
Ry ~ 100 Hz.

In order to perform a statistically significant measurement of
temporal correlations, the rate of true coincidences Ry must
exceed the accidentals Ryc in the time bin #;, = 7*:
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Rrcltyin = 7
CAR = ~1C€lin =7 o CAR, > 1. @
Racltpin =7
Since signal and idler photons are emitted at the same time,
Rrc is equal to the number of true coincidences in the bin
time #,;, = 7*. In particular, assuming that pair generation rate
and loss are statistically independent process, the average rate
of true coincidences is simply Rsppc/L3, where Rgppc is our
maximum calculated rate of photon pair generation from
Section 3, and Ly is the total loss that an SPDC photon ex-
periences from generation to detection. With the same statis-
tical assumptions on the thermal noise in the two detectors
Ryal> and the assumptions that led to Eq. (6), the average rate
of accidentals is R3 , - #1,i,, Which results from the product
between the probability to record two simultaneous dark
detections in one bin (Ry - #;n)> and the number of bins
in one second Ny, = 1/#pi,. The average CAR thus takes
the form

E[CAR] = sze%, @®)
T4 dark Pbin

which highlights the inverse quadratic dependence on Lt and
thermal noise Ry, in the system. Once the total loss is known,
it is possible to obtain a lower-bound for the )(gf) required to
unambiguously measure SPDC coincidences above noise in
atomically thick materials in free space. Moreover, while the
dark count rate cannot readily be controlled, a careful design
of the experiment may lead to a reduction of the total loss. We
identify three contributions to Ly:

Ly =L¢c-Lp-Lp, 9)

where L, Lp, and Lp represent the loss, respectively, due to the
mismatch between the radiation pattern of the emission and
the receiving lenses (collection efficiency), the absorption in
the optical path between the objective and the beamsplitter
(propagation loss), and, finally, the quantum efficiency of
the detectors along with the bunching at the beamsplitter
(detection loss). As in Section 2, absorption loss is neglected
for monolayer WSe,. Lp and L, may vary considerably de-
pending on the experimental setup with a maximum quantum
efficiency QE = 0.95 and lens transmissivity between 0.6 and
0.95. The use of a beamsplitter introduces a factor of two loss
corresponding to the probability that both signal and idler
photons bunch to one of the two output ports.

5. PAIR COLLECTION LOSS

While propagation and detection losses can be measured
directly in the laboratory, the collection loss L for a single
downconverted photon depends on its emission angle, refrac-
tion at all dielectric interfaces, and the position of the collecting
optics. We analyze this numerically by modeling the pump
p(a)p, /e],, 9/,, tp) as a linearly polarized optical plane wave inci-
dent at time ¢ = t, at the air/quartz interface with incidence
angle 6 = 9[,, angular frequency @ = @, and wavevector
k = k,. The process of spontaneous conversion of a pump
photon to signal s(w, 4,0, ) and idler i(w; 4,06, 1;)
photons with #, = z,, is driven by the y® of the medium
and constrained by energy and momentum conservation,

k, sin(0,) = k; sin(0,) + k; sin(0,), (10a)

hw, = ho, + ho,, (10b)

where p, 5, i denote pump, signal, and idler, respectively; haw, is
the photon energy; and 4, sin() = k,/, is the component of
the wavevector parallel to the planar interface between the 2D
material and the surrounding dielectrics. Equation (10a) dic-
tates the allowed departure angles 0, and 0;, and therefore
shapes the radiation pattern of the downconverted light.
Starting from an incident pump photon p(k,, 6,), we fix the
energy of signal and idler photons symmetrically around
hw,/2 and find 0, for 0 < 0, < 2z

ky sin(6,) - k sin(@))

) (1)

In order to understand the effect of each term, we start from
the simple case of 0, =0 and degenerate SPDC in a homo-

0, = arcsin(

geneous dielectric environment, || = |£;]. When the two
photons leave the interface in the same semispace, Eq. (11)
has the real solution 8; = -6, which becomes 6] = 7 - 6,

if the pairs departs in two opposite sides of the medium.
Since these two events are equally likely, the joint probability
distribution along a unitary circle centered at the interface
is uniform and the pair emission is omnidirectional. When
o, #®; and 0, =0, the idler departure angle becomes
0; = arcsin(~k,/|k;| sin(#;)), which may yield complex solu-
tions if £, > |k;|, a condition that does not depend on the pho-
tons’ emission angles. Considering that there are an infinite
number of equally likely solutions to Eq. (10b), this is expected
to happen at random with a 50% chance. If the dielectric envi-
ronment surrounding the nonlinear medium is nonhomogene-
ous and o, and w; are energy degenerate, it is possible that
k, > |k;|, which results in complex 6;. However, since 0.
and 0} are equally likely, there is always the corresponding case
k, < |k;], so the overall radiation diagram maintains its uniform
shape. An angular dependence of the emission probabilities can
however arise for 6, # 0 when k,,, - k;/; > |k;|. This alters
the probability to find a pair in the far field and leads to a
directional radiation pattern.

We solve Eq. (11) numerically for a large number of down-
conversion events of a pump photon at 785 nm into pairs at
around 1570 nm from a single layer of WSe, on a quartz sub-
strate. We assume the material extends over an infinite plane at
the boundary between two dielectrics and is rotationally sym-
metric so that we can restrict solutions along the plane of in-
cidence of the pump. The presence of a higher density dielectric
introduces an angle dependence in 4, and #;, and care must be
taken to select the relevant wavevector. We calculate linear
Fresnel coefficients at all dielectric interfaces between the non-
linear film and the air-immersion lenses and include all losses
due to absorption. Figure 7 shows the photon departure angles
of signal (blue) and idler (green) photons in a normalized polar
plot, discarding downconversion events that lead to evanescent
waves. The distance from the origin represents the probability
of finding the photon in the far field. Results are presented for
two relevant moments: (a)—(b) immediately after the pair is
generated and (c)—(d) after collection by a NA = 0.85 lens
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Fig. 7. Simulated radiation pattern of downconverted light from a

single layer of WSe,, which enables a calculation of the collection loss
L¢. Energy and momentum conservation lead to isotropic emission of
signal (blue) and idler (green) photons for normal pump incidence [red
arrow in (a), (b)]. (c), (d) Single-sided photon collection further
restricts the range of angles collected, reducing the probability to
collect both photons.

from the air—quartz interface (c)—(d). The angular dependence
of transmission coefficients shapes the radiation diagram,
breaking its circular symmetry (dashed line in Fig. 7). Upon
detection, photons that can be collected experience linear
propagation loss while all others are lost and have a zero prob-
ability to be detected.

The first step to calculate the CAR is to estimate the rate of
true coincidences, which is proportional to the probability that
both photons of a pair are detected. However, since signal and
idler can be emitted from both sides of the nonlinear medium,
their collection probabilities may differ substantially. We there-
fore calculate the average pair loss L2 as the inverse of the
probability that both s, 7 are collected and detected. Figure 8
shows that the pair collection loss is minimal for normal pump
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Pump incidence angle
Fig. 8. Simulated collection loss of SPDC photon pairs generated in
an atomically thick film on quartz with NA = 0.85. The presence of a
dielectric with a higher density leads to sharper departure angles of s, 7
pairs and total internal reflection at the quartz—air interface, thereby
increasing the pair collection loss. Normal pump incidence spreads the
departure angles evenly, resulting in a higher chance to collect and
detect a pair.
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Fig. 9. Simulated CAR versus pump angle for unilateral collection
of Reppc = 0.001 pairs/s for the best detector configurations existing
to date: SPADs (Rg = 10, QE =0.1) and superconducting
nanowire Ry, = 10, QE = 0.9). Despite the measurement being
dark-count limited, the CAR is expected to be largely above 1 for
normal pump incidence and high efficiency detectors (r,;, = 1 ns).

incidence €, = 0, which corresponds to isotropic emission of
the downconverted light. Our results show that on average 1 in
4.2 pairs may be successfully collected by using two air objec-
tives, one on each side of the interface (NA = 0.85 and trans-
missivity of 0.65), corresponding to a photon collection loss
L¢ = 2. Single-sided collection from the higher-density dielec-
tric causes a higher pair collection loss due to the additional
glass—air interface. Since the momentum is larger in the higher-
density dielectric, photons generated in the higher density di-
electric have sharper departures angles and a higher probability
to experience total internal reflection at the quartz—air interface.
This also affects the pair collection loss, making its angular
dependence sharper, as visible by comparing Figs. 8(a)-8(b).
Importantly, under normal pump incidence the CAR increases
six-fold by collecting from the air side as opposed to the quartz
side. The use of an index-matched lens is likely to dramatically
reduce optical reflections and thus represents an effective way to
improve the collection efficiency. However, given the weak
signals expected, this would require ultrapure index-matching
solutions that do not fluoresce in the spectral region of the
signal and idler.

Finally, we may predict the CAR in a nonoptimized setup
where collection occurs in air. Figure 9 shows the calculated
CAR (tpi, = 1 ns) as a function of pump angle and lens
numerical aperture for typical values of quantum efficiency
of avalanche photodiodes and superconducting nanowires,
respectively QE = 0.1 and QE = 0.9, and Ry, = 10 Hz.
The material considered is monolayer WSe,, for which
Ryppc = 0.001 pairs/s. With Lo = 3.2 and measured values
of Lp = 3.9and Ly = 7.1 we calculate L = 88.8, which cor-
responds to one true coincidence every 7885 generated pairs.
The value of L, implies a detection efficiency of 0.14 (or 14%)
and has been extracted from the specifications of the popular
ID230 InGaAs single-photon avalanche diodes (SPADs) (ID-
Quantique) at 1550 nm operated at 10% efficiency. Results
assume the following realistic approximations, R* = RS =
Ryy = 0, which is a valid assumption considering that dark
count rate dominates over the photon-pair rate, and considering
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the large energy separation between these latter and the material
bandgap. Despite the loss, we anticipate that a measurement of
photon coincidences with CAR > 10 is in principle possible
with single-sided collection and normal pump incidence.

6. CONCLUSIONS

The century-old discovery of SPDC has enabled a deeper
understanding of light—matter interactions and has been instru-
mental to the development of quantum mechanics. Although
SPDC has been observed in bulk and integrated structures and
its scaling laws unveiled both theoretically and experimentally,
measurements have been limited to interaction volumes larger
than 23, leaving unclear how the process would scale in the
presence of just a few atomic layers. In this work we considered
nonlinear generation of telecom photon pairs in TMDC mono-
layers. We focused on WSe, deposited on quartz and measured
the material ¥ via nonlinear spectroscopy. If multipair gen-
eration can be safely neglected, established quantum-classical
relations allow us to calculate an upper bound on the rate
of photon pairs while incorporating absorption loss in the
medium. Results show that the pair generation efficiency
is fundamentally limited by the small interaction volume
and by its damage threshold and we calculate Rsppc =
0.001 = 0.0005 pairs/s. We then consider the measurement
of photon simultaneity for free-space downconversion at the
boundary between two dielectrics. Energy and momentum
conservation shape the radiation pattern of the downconverted
light and allow an estimation of the pair collection probability
and the CAR. Pairs generated in the substrate have sharper de-
parture angles and a higher probability to experience total in-
ternal reflection at the quartz—air interface. Moreover, normal
pump incidence leads to isotropic emission of signal and idler
photons and a consequent higher probability to collect a pair
from free space. When all losses are accounted for, the average
time between detected coincidences is on the order of tens of
hours. Despite the low process efficiency, we anticipate that a
CAR > 10 is attainable if the thermal noise in the detectors is
the only source of noise. Our findings guide the validation of
established quantum-classical relations in deeply subwave-
length media and provide a performance benchmark for more
advanced structures based on these ultrathin materials.
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