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Abstract: The generation of single photons in the mid-infrared spectral region is attracting the interest
of scientific and technological research, motivated by the potential improvements that many impor-
tant and emerging applications, such as quantum sensing, metrology and communication, could
benefit from. This review reports the progress in short and mid-infrared single photon generation,
focusing on probabilistic sources based on the two non-linear processes of spontaneous parametric
downconversion (SPDC) and four wave mixing (FWM). On one hand, numerical simulations of
mid-infrared SPDC are described as a powerful tool to assist and guide the experimental realization,
along with the implementation and engineering of novel non-linear materials. On the other hand, the
advantages offered by FWM in silicon waveguides in terms of integration, miniaturization and man-
ufacturability are presented, providing an optimal technology for integrated quantum applications.

Keywords: single photon generation; photon-pair generation; mid-infrared; four wave mixing;
spontaneous parametric downconversion; quantum applications

1. Introduction

Nowadays, there is a rapidly expanding research focus on developing new quantum
optical technologies which are opening the way to novel applications in quantum sensing,
metrology, simulation, computing and communication. The common requirement at the
heart of all these applications is the availability of a quantum photonic platform for the
generation, manipulation and measurement of single photons and correlated photon pairs.
Single photons are essential for quantum sensing [1] to perform absorption measurement
in the few-photon regime, in quantum metrology [2] to allow the subshot-noise phase
estimation, as well as in imaging [3]. Entangled photon pairs are becoming key components
in quantum information processing [4] including quantum key distribution [5], connecting
quantum nodes [6], tests of the Bell inequality [7], and generation of certified random
numbers [8].

A large variety of quantum systems have been developed so far to make possible the
implementation of the mentioned applications, ranging from trapped atoms, defects in
solid state, superconductor structures as well as nonlinear materials to generate correlated
photon pairs. The generation of photon pairs by using nonlinear optical processes has been
widely investigated both in the visible range, achieving emission with a wide bandwidth [9]
and high efficiency [10], and in the near-IR, especially at the telecom band at 1550 nm for
applications such as qubits in quantum network or quantum communication at long
distance [11] by using a bright photon-pair source.

A further challenging step that is attracting research and technological interest, is
the extension of quantum systems to longer wavelengths, where quantum applications
could fully harness their potential. The interesting wavelength range includes the short-
infrared [1.5-3] pm, the mid-infrared [3-8] pm and the long-infrared [8-15] pm. The strong
absorption bands of most gases in the mid-infrared (MIR) range promote and enhance
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gas sensing [12] and environmental monitoring applications [13] at these wavelengths,
as well as quantum LIDAR [14]. Quantum infrared thermal imaging benefits from the
emission of MIR light by room temperature objects [15]. Medical imaging [16-18] at ultra-
low light levels would be realized. Among all the applications, the main driving force
pushing the research on MIR single photon sources is the field of quantum information
and communications. In this context, quantum key distribution (QKD) is at the heart of
cryptography as a powerful tool to distribute a secrete key between two parties, with
unconditional security of communication guaranteed by the quantum laws of physics.
Extending the QKD to the MIR region, with respect to the NIR systems already implemented
both in optical fiber or free-space links, could result in a higher bit rate and higher maximum
distance achieved [19], thanks to several advantages inherited by the MIR operation. For
free space secure communication [20], the atmospheric transparency window between
3 and 5 um, as well as the one at 10 um [21], presents a Rayleigh scattering cross-section
well reduced compared to the NIR region, which is particularly helpful in the presence of
fog or haze [22,23]. For daylight communication, the background radiation from the sun
causes a binding effect, which in the MIR range is up to three times lower compared to
the NIR 1550 nm wavelength. For fiber-based communication, the extension to MIR can
increase the communication bandwidth [24].

The realization of all these applications requires, as the first step, the development of
well performing single photon and photon-pair sources in the MIR wavelength range, as
well as of single photons detectors [25]. A bridge between the potential of the quantum
applications and the existing immature quantum MIR technologies would make accessible
the benefits of the MIR range for quantum applications which have not been fully exploited
yet due to technological limitations. The photon sources must match the requirements of
device miniaturization and compactness required by most quantum photonics applica-
tions, where the capability to integrate the source and the detector on a single chip using
nanophotonics fabrication is crucial for large-scale implementation of quantum-enhanced
technology. Integrated optics could provide bright sources due to strong confinement and
long interaction length, high speed switching enabled by low required voltage, compactness
and robustness [26].

This review is focused on the state of art of single photon and photon pair sources in
the challenging MIR range. In Section 2 the basic working principle of the probabilistic
sources based on the non-linear processes of spontaneous parametric downconversion
(SPDC) and four wave mixing (FWM) will be introduced, followed by an outlook on the
main features used to characterize these sources in Section 3. Section 4 is focused on
the SPDC process for the generation of MIR photons: the helpful contribution offered by
numerical simulations on SPDC processes based on novel non-linear materials as well
as experimental implementations of MIR SPDC will be presented. In Section 5 the most
promising results concerning the generation of MIR heralded single photons through FWM
will be discussed, with a particular emphasis on the possibility of integration derived by
the exploitation of silicon waveguides.

2. Probabilistic Sources

An ideal on demand photon source producing a single photon in a known mode
every time it is called for is not achievable because of inevitable system losses and non-
zero multiphoton rates [26]. There are three main approaches that can be implemented
to approximate the ideal behavior of a single photon source: strongly attenuated laser
light [27,28], deterministic sources based on isolated single quantum systems that can only
emit one photon at a time [29], or probabilistic sources [26]. Probabilistic sources are based
on photons created in pairs through mainly two mechanisms, both based on the laser
excitation of a nonlinear optical material: spontaneous parametric downconversion in bulk
crystals and waveguides and four wave mixing in optical fibers. The powerful peculiarity of
these photon pair sources is the capability to be implemented as a “heralded” single photon
source, where the detection of one photon in one arm heralds the existence of a photon in
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the other arm. This feature represents the pillar for a wide range of experiments, from tests
of fundamental physics [7,30] to metrology [2], to entanglement-enhanced applications [31].

The non-deterministic nature of such single photon sources is a limitation that could
prevent them to simultaneously reach a high probability of producing a photon and a high
single photon fidelity [32]. Nevertheless, the probabilistic nature of SPDC sources can be
bypassed with the implementation of proper schemes, which allow approximation of them
to nearly deterministic photon sources with high production rates and photon purity. These
approaches are based on photon source multiplexing [26]: array of low-probability, but
high-fidelity photon pair sources are used, creating a system with the probability that at
least one source generates a photon pair tending to unity, as the number of the sources
increase, maintaining at the same time high single-photon fidelity. Several schemes can be
adopted, based on temporal, spatial or frequency multiplexing. The general structure of a
multiplexed source consists of multiple pair sources pumped simultaneously, each with its
own heralding detector. If one heralding detector fires, the corresponding partner photon is
directed to the output. If multiple detectors fire, just one of the partner photons is directed
to the output, removing the other photons to not deteriorate the single-photon state.

2.1. Parametric Downconversion

SPDC is at the heart of many quantum optics experiments [33], having demonstrated
the capability to generate high-quality single photons as well as entangled photons used
for quantum teleportation, cryptography computation and metrology applications.

SPDC is a non-linear optical process where a single pump photon, passing through
a non-linear optical material, spontaneously decays into two photons of lower energy,
the signal and idler photons. It involves the use of a pump laser illuminating a material
with a X®) optical non linearity, creating two photons under the constraints of momentum
and energy conservation. Figure 1 shows the representation of energy (Figure la) and
momentum (Figure 1b) conservation for a SPDC process where photon y3 at energy ws
splits into two photons y; and v, at energies w1 and w,. Usually, SPDC processes can
be classified by the polarizations of the pump, signal and idler photons: in type-0 the
signal and idler photons have the same polarization with each other and with the pump
photon; in type-1 SPDC the signal and idler photons share the same polarization to each
other, however they are orthogonal to the pump polarization; in type-2 the signal and idler
photons present perpendicular polarizations.

Figure 1. (a) Diagram of a SPDC process: (b) Representation of the energy (a) and momentum
(b) conservation for a SPDC process where photon 3 at energy ws and momentum kj splits into two
photons y1 and v; at energies wq, wy and momentum ky, kj.

In order to be efficient, the SPDC process requires energy and momentum conservation,
expressed by the so-called phase matching conditions which determine the possible energy
and wavevector relations between the two downconverted photons.

Wp = Ws + W 1)
B n(Ap, T) n(As, T) n(A;, T)
ky=kstki < ZnT =21 ( A + Py ) 2)
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where k; and wj (j = p, s, 1) are the wave numbers and angular frequencies for the pump,
signal and idler photons, n(A, T) is the refractive index of the material that depends on the
wavelength A of the optical signal and on the temperature T of the non-linear crystal.

The natural dispersion of the non-linear crystal makes it difficult to satisfy the momen-
tum conservation. Techniques such as quasi-phase-matching (QPM) via periodic poling of
the nonlinear crystals enable compensation of the wave vector mismatch by appending an
additional wave vector kg = 271/ A of the poled grating, where A is the period of poling,
which represents an imposed periodicity on the nonlinear coefficient of the nonlinear crys-
tal. The poling technology consists in a lithographic electrode mask implemented across
the crystal, with the application of an electric field poling of periodic domains of alternat-
ing polarity. The poling counteracts the dispersion between the interacting wavelengths,
making it possible to satisfy Equation (2) thanks to the addition of the poling term that is

inversely proportional to A:

27T
- ©

When the poling period is known, it is possible to calculate the spectrum of the SPDC
generated photon pairs depending on the crystal temperature.

2.2. Four Wave Mixing

Four wave mixing is a third-order electric susceptibility X® non linear process in
which two pump photons with angular frequency w1 and wp, are converted into two
correlated photons which are detuned in frequency from the pump by (), as shown in
the schematic in Figure 2. It mainly occurs in centrosymmetric materials not allowing the
X@ non linearity.

Figure 2. Schematic of a FWM process.

As SPDC, FWM conserves energy and momentum and to have an efficient process the
phase-matching condition must be satisfied, with a total wave-vector mismatch Ak is equal
to zero.

Wp1 + Wp2 = Ws + Wj 4)

kpl + kP1 =ks + ki (5)

FWM have been widely exploited to generate correlated photon pairs using single-
mode optical fibers, photonic crystal fibers, birefringent single-mode fiber and most recently
Silicon-On-Insulator waveguides (SOI) [34]. In particular, FWM in SOI waveguides will be
discussed in the next section being a promising structure for high-density integration of
optical circuits, showing advantages with respect to standard optical fibers. The crystalline
nature of the silicon material leads to significantly lesser broadening of the Raman vibra-
tional mode compared to the one obtained in standard optical fibers made of glass [35].
This would result in a reduction of the spontaneous Raman scattering, which is one of the
fundamental sources of noise when generating photons with FWM. Moreover, the large sus-
ceptibility of nanoscale silicon waveguides leads to a coupling coefficient of 10° W km ™!, to
be compared to the 3 W km ™! coefficient obtained in standard dispersion-shifted fibers [34].
The large coupling coefficient results in significant non-linear effects observed in device
lengths of 1 cm or less.
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For FWM in SOI waveguides the total wave-vector mismatch is defined as the sum of
the linear phase mismatch Akj;, and the phase contribution due to the self-phase modula-
tion of the pumps k4, _1in:

Ak = Akjiy + Akyon—1in = Dkjin — 27yP. (6)

The term P is the pump peak power in the waveguide and v is the waveguide non-

linear parameter:
_ kona

Acff

with 7 and Ay the non-linear refractive index and effective modal area, respectively.

@)

For frequencies near the pump Akj;,, = —B2Aw?, where Aw is the pump-photon angular
frequency detuning and , = % is the waveguide group-velocity dispersion (GVD). The
GVD depends on the dispersive properties of the material, which are extremely sensitive
to the waveguide dimensions, because of the strong mode-field confinement and large
refractive index of SOIL

3. Characterization of the Source

The performance of heralded single photon sources are characterized by measuring the
following features with a dedicated experimental apparatus [26,33,34,36]: the coincidence-
to-accidental ratio, the purity through the correlation function g, the indistinguishability
through the Hong-Ou-Mandel (HOM) dip. Other relevant parameters used to characterize
the sources are the efficiency and brightness. The source efficiency specifies the fraction of
applied triggers corresponding to a single photon collected from the source and is one in
the ideal case [37]. The source brightness is defined for photon pair sources as the number
of photons per pump pulse or per second, normalized to pump power.

3.1. Coincidence Measurements and CAR

The coincidence measurement between the signal and the idler photons is performed
to demonstrate the time-correlated nature of the generated photon pairs. It involves the
measurement of both the true coincidence counts and the background or accidental counts
with the typical set up shown in Figure 3a:

a) b)

w -
T
Photon pairs i 240t l }
source ] 30} I
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i

Figure 3. (a) Schematic of the typical setup implemented for the coincidence measurement. It consists
of a component (orange square) for the spatial separation of signal and idler photons, two single
photon detectors (SPD1, SPD2) and time controller electronics (TC) to record the difference in the
arrival time of the photons; (b) An example of the typical trend of the CAR as a function of the pump
peak power. Reproduced with permission from [38], copyright 2017.

The signal and idler photons generated through the non-linear process are spatially
separated using a specific component (graphically represented by the orange square), for
example a dichroic mirror [38], a parabolic mirror for far field separation [39], or a polarizing
beam splitter, according to the specific experimental set up. The signal and idler photons
are then detected by two single photon detectors. Time-tagging electronics is used to record
the difference in their arrival time and build a coincidence plot, showing the coincidence
counts as a function of the arrival time difference of the signal/idler photon on the detectors.
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At zero time difference a coincidence peak is expected to demonstrate the generation of
the photon pair. The true coincidence counts result from the simultaneous detection of the
photon pair generated by the same pump pulse, corresponding to the coincidences in the
zero-delay peak. It is linearly dependent on the pump power. The accidental coincidence is
the rate of coincidence not resulting from the detection of both photons from a single pair,
but from uncorrelated photons from two different SPDC processes. It depends quadratically
on the pump power.

The signal-to-noise ratio in coincidence measurement is referred to as coincidence
to accidental ratio (CAR). It is calculated using the coincidence plot as the number of
coincidences in the peak within a certain coincidence window (N17) divided by the average
of the background counts on the same time window taken away from the peak (Nyc):

Ni»

CAR = ,
Nace

®)

The characterization of the CAR for a SPDC process is carried out studying the
variation of the CAR as a function of the pump peak power in order to find the best pump
power maximizing it. The typical trend is reported in Figure 3b and shows a trade-off
behavior with the pump power. For low pump power, the CAR is lower due to the low
photon-pair generation which has to be compared with the overall noise and dark count
rates of the entire detection system employed. Above a certain threshold the CAR decreases
with the pump power due to the multiphoton pair emission in SPDC, which consists in the
simultaneous generation of more than one pair (per pulse) that increases the probability of
accidental-coincidence detection.

3.2. Purity and Second Order Correlation Function

Ideally, a single photon source would emit a single photon every time with zero
probability of multiple photon emission. The probability of single photon emission is
defined as source purity [37]. The characterization of the source purity is performed
measuring the second order correlation function g®® (1), where 7 is the time delay between
the idler and signal photons, which quantifies the multiphoton component with respect to
the single-photon component. The experimental set up commonly used to measure g?(1)
is a modified version of the Hanbury-Brown Twiss interferometer used for the correlation
measurements, adding a third single photon detector in the idler arm, as shown in Figure 4:

Photon pairs

source BS

Figure 4. HBT interferometer scheme for characterizing the heralded single photon source purity. BS:
beam splitter; SPD: single photon detector; TC: time controller.

The signal and idler photons exiting the photon pairs source are spatially separated, as
explained in the previous section. A single photon detector is used to detect photons in the
signal arm, while in the idler arm a 50/50 coupler is used and followed by two SPDs. The
signal side detector SPD1 is used as the heralding reference: when one photon of the pair is
recorded on SPD], it heralds a correlated photon in the experiment, which can be registered
either on SPD2 or SPD3. As a result, if only one pair is generated, a zero simultaneous
event will be registered on all three SPDs.
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The second-order correlation function is then described by:

_ NiNix(7)

~ NpaNp3(1)’ ©)

2

g (1)
where N are the single counts registered on the reference detector on the signal arm, N1
and N3 are two-fold coincidence counts and N3 are three-fold coincidences among all
three SPDs. In the ideal case, for a single photon source the second order correlation function
at 0 delay arrival time is gg) (0) = 0, since Nyp3 is zero. Experimentally, background
photons and dark counts of the detector can cause false coincidence counts, altering
the statistics, making necessary a postprocessed analysis of the raw data for correction.
Moreover, the finite time response of the detectors can obscure g(0).

3.3. Indistinguishability with HOM Interference

Many applications of quantum photonics require the indistinguishability of the emit-
ted photons, which means that photons are emitted in the same quantum state, making
possible the quantum interference between separately generated photons. The standard test
to verify the indistinguishability of photons is to perform two-photon Hong—-Ou-Mandel
interference [40-42] with the apparatus shown in Figure 5a. The two twin photons, created
for example in the SPDC process, impinge on the two different input ports of a half beam-
splitter and the coincidence counts of photons coming from the output ports are detected
by two SPDs. One path of the interferometer can be changed in length so as to make the
photons distinguishable by different arrival times on the beam splitter.

a) b)

iy
Photon pairs /l
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source * L=

0,4
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-

D1-D2 Coincidence Rate
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Figure 5. (a) Schematic of the HOM set up for characterizing the indistinguishability of the photons.
There are a beamsplitter (BS), two single photon detectors (SPD1, SPD2), a time delay line (1) and
electronics for coincidence counting and readout (TC). i1,ip: beam splitter input ports; 01,0;: beam
splitter output ports. (b) An example of HOM dip.

Two photons in the same pure quantum state incidenting on the two inputs of the
50:50 beamsplitter with spatial and temporal overlapping, will show quantum interference
and will leave the beamsplitter together in the same output mode. Therefore, coincidence
counts in the different outputs will decrease to zero. For such an effect, a dip known as the
HOM dip (Figure 5b) can be measured in the coincidence counts by sweeping the arrival
time difference of the input photons to vary the distinguishability of the photons. The
depth of the HOM dip reflects the degree of indistinguishability of the two input photons
which is evaluated by the well-known HOM visibility. Given the rates of minimum
and maximum coincidences (Cpin, Cmax) across the dip, the visibility is calculated as
Vhowm = (Cmax - Cmin)/ Crnax-

Experimentally, some measurement non idealities, including residual multiphoton
emission probability, unbalanced beamsplitter, the finite detector time response, the detector
count rates, worsen the HOM visibility evaluation from the raw data.

4. SPDC in the MIR

Driven by the outstanding results obtained in the generation of photons from UV to
NIR using SPDC with Beta barium borate (BBO) [43,44], Bismuth Borate (BiBO) [45,46],
Periodically Poled Lithium Niobate (PPLN) [47-50] and Potassium titanyl phosphate
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(PPKTP) crystals [51], much theoretical and experimental effort has been spent in the last
decades in the development of single or entangled photon sources in the Mid Infrared
range by using an SPDC process. LN and KTP are birefringent oxide crystals widely
exploited for SPDC in the visible and NIR range, where they are transparent, and can
be easily pumped by commercial lasers, such as the 800 nm Ti:sapphire, the 1040 nm
Yb:fiber and the 1550 nm Er:fiber lasers. Their exploitation in the MIR range is prevented
by the multiphoton absorption losses above 4.5 um [52]. Therefore, the first essential
requirement to extend SPDC to the MIR, is the investigation and fabrication of novel non-
linear materials satisfying some essential features to be implemented in a SPDC process:
large nonlinear coefficient, MIR transparency range, as well as intrinsical group velocity-
matched wavelengths in the MIR range. Numerical simulations on the potential capability
of these materials to generate single photon at MIR wavelengths support and guide their
experimental implementation, giving information on the experimental parameters and
conditions to obtain the desired phase-matching properties. In the following paragraphs,
the main results regarding numerical simulations with the most promising novel materials,
as well as the experimental results on the generation of MIR photons will be presented.

4.1. Numerical Study

Numerical studies on the parametric downconversion are a powerful tool to inves-
tigate the capability of generating biphotons at the desired wavelengths with proper
non-linear materials, giving at the same time information on the most suitable experimental
conditions to achieve high efficiency.

In particular, the joint spectral amplitude (JSA) of the emitted photon pairs in SPDC
characterizes their structure and joint spectrum as well as their quantum correlation,
assuming a key role in the analysis and control of the characteristics of the generated
quantum state of light [53]. JSA can be calculated as the product:

flws, wi) = a(ws, wi)P(ws, wi), (10)

where « is the pump envelope function (PEF) and @ is the phase-matching function (PMF).
Equation (10) shows that the structure of the generated idler/signal photons is affected by
the shape and profile of the pump beam used in SPDC. Assuming a Gaussian-distribution,
the PEF can be expressed as

o 2
a(ws, wi) = exp ll(ws—'—wlwp) ], (11)

2 ap

where the frequencies w;, w;, wy are the ones satisfying the energy conservation in
Equation (1), and 0} is the bandwidth of the pump.
The PMF function can be expressed as:

D(ws, wi) = Sinc(Azch), (12)
where L is the length of the crystal and
_ 2 _(n(Ap) _n(As) _m(A) 1
Ak—kp—k,—ksiA—2ﬂ< P T vl (13)

is the wave vector mismatch, n(A) is the refractive index for the signal, idler and pump
photons, described by the Sellmeier relations for every crystal [54,55].
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The crucial parameter involved in the simulations is the angle 8 between the ridge
direction of PMF and the horizontal axis in the signal-idler frequency space, which is
determined by:

-1 _ oyl
D=tanf0 = — <Vg,r71 (wp) le(wS) > ’ (14)
Ve (wp) = Ve (@i)

where V;  is the group velocities of the photons, and the parameter D is called dispersion
parameter. The experimental approach is to tune the experimental parameters in order
to fulfill the group-velocity matching conditions, which determines the JSA’s shape. In
particular, using Equation (14), three group-velocity matching conditions can be identified:
the fully asymmetric GVM1 and GVM2 corresponding to the cases § = 0° and 6 = 90°,
and the symmetric GVM3 corresponding to 6 = 45°. The conditions GVM1 and GVM2
provide a spectrally uncorrelated biphoton state with high heralded-photon purities, but
the signal-idler photons are distinguishable due to their different bandwidths. In partic-
ular, the GVMS3 has a symmetric distribution along the antidiagonal direction, which is
fundamental for high visibility HOM interferences. The photons produced under GVM3
are indistinguishable, but the uniform nonlinearity profile of the crystal causes residual
correlations which affect the photons spectral purity [56].

Different studies are focused on the study of the group velocity matching region in
different materials. In [52] two categories of novel non-linear materials were investigated,
consisting of birefringent chalcopyrite crystals, including zinc germanium phosphide
(ZGP) and cadmium silicon phosphide (CSP), and quasi-phase-matched semiconductors,
as orientation-patterned gallium arsenide (OP-GaAs). These materials exhibit strong two-
photon absorption at lower wavelength, but excellent transparency in the MIR, together
with significantly larger non-linear coefficients compared to the conventional LN and
KTP. With respect to oxide crystals, semiconductors offer excellent conductivity and high
non-linear coefficient, and can be grown with high purity.

The phase-matching condition in Equation (13) was numerically solved using a range
of pump wavelengths above the two-photon absorption limit and for various non-linear
materials. For each wavelength and material, the grating period required to achieve Ak = 0
and the dispersion parameter D = tanf were calculated, considering Type-0, Type-1 and
Type-2 downconversion. An illustrative example of the obtained results is reported in
Figure 6, which shows the signal wavelength versus pump wavelength with corresponding
GVM angle 0 (left) and grating period A (right) for type-0 SPDC in OP-GaAs (Figure 6a)
and type-2 SPDC in ZPG (Figure 6b,c). Solid red areas represent grating period longer than
500 um, where birefringent QPM is possible; the dashed line indicates degeneracy, while
the black line corresponds to 6 = 45°, which results in highly indistinguishable photon pairs;
the plotted boundaries indicate areas of high spectral purity (6 = 0°, 90°). The numerical
results in Figure 6 show the capability to generate MIR single photons at wavelengths up to
13 pm in nondegenerate PDC type-0 quasi-phase-matching in OP-GaAs and up to 7.4 um
in a degenerate configuration type-2 birefringent phase-matching in ZGP.
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Figure 6. Signal wavelength as a function of the pump wavelength for (a) type-0 downconversion
in OP-GaAs; (b,c) type-II downconversion in ZGP. The corresponding GVM angle 6 and grating
period A are shown on the left and right plots, respectively. Solid red areas correspond to grating
periods longer than 500 um, allowing birefringent QPM. The dashed line indicates degeneracy;
the black line corresponds to 6 = 45°, which results in highly indistinguishable photon pairs; (the
plotted boundaries indicate areas of high spectral purity (6 = 0°, 90°). Adapted and reproduced with
permission from [52], copyright 2018.

A parallel strategy to the implementation of novel materials is the proper modification
and engineering of the traditional materials used in NIR SPDC. The effect of doping on
the generation of spectrally uncorrelated biphotons in the MIR range from SPDC was
theoretically investigated in [57] using doped PPNL crystals: MgLN, InZnLN and ZnLN.
This work showed how the kind of dopants and the doping ratio can influence the Sellmeier
equations, resulting in a substantial impact on the GVM wavelengths, offering a degree
of freedom to manipulate the biphoton state at MIR range. In this study the angle 6 and
the corresponding poling period A were calculated under type-II, type-I and type-0 phase
matching conditions for different doping ratios. Figure 7 shows the results obtained for
the type-II phase-matched SPDC in the degenerate case: the 6 angle is shown as a function
of the doping ratio in the range 0-7% and of the signal/idler wavelengths for MgLN
(Figure 7a), ZnLN (Figure 7b) and InZnLN (Figure 7c) crystals. Figure 7d—f shows the
corresponding poling periods for each crystal.
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Figure 7. (a—c) The signal (idler) wavelength as a function of the doping ratio for MgLN, ZnLN and
InZNLN for different tilt angles, with the corresponding poling period (d—f). The simulated process
is type-II SPDC with degenerate signal and idler photons. The configuration corresponding to 6 = 45°
is indicated with solid black lines. Reproduced with permission from [57], copyright 2021.

Figure 7 shows how fixing the angle 6 is possible to obtain different signal/idler
wavelengths, changing the doping ratio of the crystal. In particular, for InZnLN (Figure 7c)
a tunable wavelength range of 678.7 nm can be achieved for the GVM2 wavelength ranging
from 4006 nm to 3342.9 nm varying the doping ratio from 0 to 7%, respectively. The
possibility to achieve a tuning of the wavelengths much higher than the 100 nm reached
with conventional temperature tuning represents an essential feature for quantum state
engineering in the MIR range. By improving the doping ratio above 7 mol% the wavelength
tunability could be further improved.

The temperature represents another experimental parameter to be controlled, since
it influences the phase-matching conditions in the crystals. This influence can be inves-
tigated by calculating the GVM wavelengths as a function of the temperature, using the
temperature dependent Sellmeier equations, as performed in [57]. Figure 8 [57] shows the
GVM1 (a) GVM2 (b) and GVM3 (c) wavelengths for MgLN crystals when changing the
temperature in the range (20°, 120) °C for different doping ratios: it can be concluded that
the temperature increase mainly affects the GVM2, with a corresponding linear decrease
of 78 nm, while GVML is the less sensitive, with a linear increase in wavelength of only
2.8 nm.
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Figure 8. GVM wavelengths of MgLN with different doping ratio as a function of the temperature, for tilt
angles © =0° (a), ® = 90° (b) and ® = 45° (c). Reproduced with permission from [57], copyright 2021.

The influence of the doping ratio and the temperature on the biphotons generated
through SPDC affects interesting practical applications, such as the HOM interference
between the signal and idler from the same SPDC source. The simulated process in
Figure 9 [57] shows how starting from the HOM interference pattern from a signal and idler
from the same Mg (5 mol%) LN crystal at 24.5 °C with a 100% visibility (green curve), the

variation of the doping ratio (Figure 9a) or the temperature (Figure 9b) causes an oscillation
of the interference patterns.
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Figure 9. Simulated HOM interference patterns between the signal and idler photons from the same

PPMgLN crystal at different doping ratio (a) and temperature (b). Adapted and reproduced with
permission from [57], copyright 2021.

The possibility of reconfigurable operation of single photon sources is attractive for
many quantum applications, such as information processing as well as free-space quantum
communication, giving the capability of dynamically modifying the SPDC single photon
wavelengths with a single crystal. In [58] a numerical study of reconfigurable MIR single
photon sources based on functional ferroelectric lead magnesium niobate-lead titanate
(PMN-0.38PT) crystal were formed, revealing the existence of phase-matching conditions
giving spectrally pure single photon at 5-6 um. The straightforward advantage of using
this material is the possibility to dynamically repoll it at ambient conditions with fields as
low as 0.4 kV mm ™!, differing from the most used ferro-electric crystals such as LiNbO3
or KTiOPO4 which lack tunability of the poling period after their fabrication. Changing
the poling period means having the possibility of changing the wavelengths of the single
photons, to turn on and off the SPDC generation as well as to remodel the wave-packets
of the photons. A detailed investigation of all possible collinear configurations of photon
wavelengths and polarization was performed in [58], setting as input parameters the pump
center wavelength (2.7 and 2.88 pm) and the length of the crystal (25 mm) in order to match
the spectral width of the PEF. The most valuable results were obtained investigating the
type Il PDC, showing the possibility to obtain degenerate GVM for PMN-PT with PMF
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inclination 0° for a high purity biphoton state. Compared to the type-I and type-0 SPDC, a
longer poling period of 1.429 mm was obtained, which is an advantage since it facilitates
technologically the implementation of the ferroelectric switching functionality of the poling
order. This feature can be attained with the implementation of an electrode-patterned
mask along the crystal length: the mask provides a tool to modify the poling period of
each particular domain selectively and on-flight. Figure 10 [58] shows an illustrative
example of the switching mechanism of the poling period for a potential MIR free-space
QKD application where the wavelength of the created single photons needs to be changed
from 5.4 to 5.6 um, which corresponds to a switching of the poling period from 1.429 mm
to 1.239 mm. Two photon pump wavelengths of 2.7 and 2.8 from a tunable OPO are
considered as a pump source.
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Figure 10. (a) Representation of the switching mechanism of the poling period of the PP-PMN-PT
crystal, applying the electrode mask shown in figure as yellow bars. The poled domains of the
crystal are illustrated with alternating colors; the arrows represent the direction of the spontaneous
polarization. (b) Joint spectral amplitude corresponding to the two poling period configurations
shown in (a). (¢) Dynamic range of the signal/idler wavelength corresponding to different modified
poling periods for the degenerated PDC; (d) complete range of signal wavelengths including the
nondegenerate type-II PDC processes; the color lines indicates the poling period A (top bar in
microns). Reproduced with permission from [58], copyright 2020.

Given the initial crystal length with poling period 1.429 mm corresponding to 5.4 um
generated photons, a prefabricated electrode mask is applied as in Figure 10a. The applica-
tion of a proper voltage to each electrode pair deposited on the edge of the corresponding
domain causes the stretching or contraction of the domain in order to obtain the desired
poling period. To ensure a uniform variation of the poling period across the entire crystal,
the mask is fabricated with a linear gradient elongation, starting from the first electrode
length and moving along the crystal. The strength of this method relies on different practi-
cal advantages. The proposed design is fully reversible, with the possibility to return to the
previous poling period by switching the polarity of the electrode mask. The rate of dynamic
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domain repolling can reach the s scale. Moreover, by designing a proper electrode mask, a
wide range of signal/idler photon wavelengths can be achieved as illustrated in Figure 10d.

4.2. Experimental Results

Together with the large effort in fabricating novel materials and simulations, the first
experimental results were achieved in the last years.

In [39] the first SPDC generation and characterization of indistinguishable degenerate
photon pairs at 2090 nm was proved, together with the demonstration of two photon
quantum interference and polarization entanglement. The pump laser was a compact
Yb-based fs fiber laser at 1045 nm, emitting a train of pulses with an average power of
up to 2.5 W at 80 MHz repetition rate. A complete characterization of the source was
performed. The generation efficiency of SPDC was quantified for a type 0 phase-matched
configuration using a 1 mm-long periodically poled, magnesium-doped lithium niobate
crystal (MgO-PPLN). The following properties of the crystal were examined: the selection
of the crystal length has to ensure both maximum conversion efficiency, with minimal
temporal separation between the pump and the generated SPDC fields; the ferroelectric
poling of 30.8 um was determined to guarantee coherence between the phase of the pump
field and of the generated photon-pair for the entire length of the crystal and over a broad
bandwidth; the temperature was stabilized at (30 £ 0.1) °C.

As described in Section 3, the first step to characterize the photon source is the demon-
stration of the generation of correlated photon pairs using the experimental setup similar
to the one in Figure 3 to reconstruct a coincidence plot. In this experiment, superconductive
nanowire single photon detectors (SNSPDs) were implemented to detect single photons
and time-tagging devices to record their arrival time. The obtained histogram showed
maximal coincidences at zero delay time. A maximum CAR of 180 & 50 at 5 mW of input
pump power was measured for 30 min integration time, then it decreases with the pump
power, Pp, as 1/P}, due to the increasing probability of generating multiple photon pair per
pulse resulting in increased accidental counts.

The quality of indistinguishability of the generated photons investigated by studying
the two-photon interference using the Hong-Ou-Mandel interferometer scheme described
in Section 3.3. Figure 11A [39] shows the experimental setup for characterizing the two-
photon interference, obtaining the characteristic HOM dip in correspondence of zero
delay between the two input ports of the beam splitter, as shown in Figure 11B. The high
visibility of 88.1% achieved in the experiment allowed the demonstration of the photon
indistinguishability.

An interesting application of this source is the generation of polarization-entangled
photons, which are an essential part of QKD schemes. To this end, the Mg-PPLN crystal
was fabricated 200 um long with a poling period of 13.4 um in order to achieve PM at
110 °C for type-II SPDC. The violation of CHSH-Bell inequality with a Bell parameter
S =2.20 £ 0.09 represents the proof of the entanglement between idler and signal photons,
paving the way for technological implementations of QKD in the 2 um range. Further
improvements of the estimated entangled photon generation rate of 200 kHz are strictly
connected to the improvement of the detection efficiency at 2.1 um as well as to the
reduction of in-line losses.
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Figure 11. (A) Experimental setup for the demonstration of the two-photon interference. Downcon-
verted photon pairs are created in a PPLN crystal; a tunable delay line is implemented to modify
the temporal overlap of the photons at a beam splitter placed in front of twin SNSPDs used for the
coincidence detection. (B) The two-fold coincidence counts (blue dots) with the corresponding fit
(red line), showing the observed HOM dip. Reproduced with permission from [39], copyright 2020.

In [59] a PPNL crystal was used to generate twin photons at 3.1 pm in a free-space
set-up at room temperature. A continuous-wave infrared laser at 1.5 um, amplified by an
erbium-doped fiber amplifier, pumped a 10 mm long PPLN crystal having a poling period
of 34.48 um. As already pointed out, both the crystal poling period and temperature are im-
portant experimental parameters to be optimized and controlled to satisfy the PM condition
at the desired wavelength. Since the phase-matching condition is temperature dependent,
a fine-tuning of the phase-match condition was performed by changing the temperature
of the PPLN crystals, which were mounted in ovens, by temperature controllers. For a
given poling period, different SPDC processes can be achieved, as shown in the simulated
downconversion spectra in Figure 12a [59] obtained at the fixed temperature of 135 °C (blue
curve), corresponding to degenerate SPDC at 3.1 um, and 68 °C (red curve), corresponding
to non-degenerate SPDC. For the conservation of the energy, two side lobes symmetrically
distributed around Ageg = 3.1 pm are visible in the spectrum for the non-degenerate SPDC
with spectral bandwidth of 50 nm (for the 2.89 peak) and 66 nm (for the 3.34 peak); the
spectral bandwidth for degenerate SPDC shows an increase up to 200 nm.

The generated SPDC photons in the MIR were detected using two upconverter mod-
ules and two Silicon Single Photon Avalanche Diodes (Si-SPADs). The experimental spec-
trum for the degenerate and non-degenerate processes as a function of the SPDC crystal
temperature in Figure 12b [59] was measured using different poling period of the Sum
Frequency Generation (SFG) crystal to scan the wavelength, labelled as 1, 2, 3. Coincidence
measurements on the MIR photon pairs were performed to demonstrate the time-correlated
nature of the generated photon pairs and the detection capability of the system to perform
these kind of measurements. A clear peak of coincidences in time between the signal and
the idler demonstrated the time correlation of the generated photons. A CAR of 15.7 £ 0.4
was measured within a coincidence window of 1.3 ns at an integration time of 10 s. At the
optimal incident pump power of 70 mW the conversion efficiency of the SPDC process was
estimated to be —110 dB.
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Figure 12. (a) Simulation of the SPDC spectra and module bandwidth for the degenerate downconver-
sion process around 3.1 mm, which is obtained at 135 °C (solid blue curve) and for the non-degenerate
downconversion process, obtained at 68 °C (solid red curve). (b) Experimental spectrum of the SPDC
process as a function of the temperature of the SPDC crystal; the labels 1,2,3 in the figure indicate
areas with different poling periods of the SFG crystal in the detection module, used to scan the
wavelength. Adapted and reproduced with permission from [59], copyright 2017.

Advances were obtained in [38] with the generation of high purity photon pairs
through SPDC in a magnesium-doped periodically-poled lithium niobate (MgO:PPLN)
waveguide with properly designed geometry and periodic poling. The main advantage of
this experiment was the 3.2 um wavelength spacing between the idler and signal photons
at 780 nm and 3950 nm, representing at the same time the main challenge. Actually, the
high non-degeneracy between the photons makes it difficult for the spatial-mode and phase
matching in the waveguide, and requires a proper study of both the waveguide geometry to
support overlapping fundamental transverse modes for all light-waves and of the periodical
poling of the waveguide optical domains to offer the large phase mismatch. The fine-tuning
and stabilization of the temperature gave a high —87 dB SPDC efficiency. The detection of
the generated photons was realized using a fiber-coupled Silicon Avalanche Photodiode
(Si-APD) for the signal photon (quantum efficiency of 12.5%, dark count rate < 1.4 Hz)
and a second Si-APD detector for the idler photons (quantum efficiency 22.5%, dark
count < 1.8 Hz), which are first upconverted using another PPNL waveguide pumped by
779.8 nm pulses. The measured maximum CAR was 54 £ 7 at a peak power of 9.7 mW.
This value is limited by the uncorrelated noise photon as well as the dark counts of the
upconversion detection system. The maximum CAR corresponds to true coincidence counts
of 275 within an integration time of 300 s, which results in a photon pair production rate
of about 9.4 x 10* pairs per second with spectral brightness of 4.4 x 10? pair/(s nm mW).
The generation of MIR idler photons at 3950 nm can be heralded, by detecting the 780 nm
photons, with a g2(0) = 0.08 & 0.015 representing a high-quality single photon source in
the MIR. This source is particularly appealing for quantum secure direct communication
protocol with quantum memory, adopting the idler MIR photon for a free-space quantum
channel and storing the signal photon at 780 nm with a rubidium-based quantum memory.
Other possible applications are free-space QKD based on time—-energy entanglement, as
well as for single photon microscopy and quantum-enhanced spectroscopy for sensitive
biomedical imaging and diagnostics.

An attractive feature for a wide range of applications is the capability to realize a
photon-pair source with wavelength changeable in the MIR range. In [60] an experimental
demonstration of wavelength variable generation and detection of photon pairs in the
VIS and MIR region (2-5 um) via SPDC was reported. The attractive innovation is the
possibility to continuously change the wavelength of the signal and idler photons in the
range (600, 965) nm and (1186, 4654) nm by changing the angle of the non-linear crystal
as in Figure 13 [60], which correspond to tune the PM condition. LiNbO3 doped with
5-mol% Mg(O) was used as a non-linear crystal since it is transparent in the 0.42-5.2 pm
range and shows a high non-linear optical efficiency. Two LiNbO3 crystals were used with
different cut angles ¢, defined as the angle between the optic axis (OA) and the crystal
surface normal.
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Figure 13. (a) Pump beam normally incident to the crystal surface (b) Pump beam incident to the
rotated crystal. ¢ is the cut angle; 6 is the angle between the pump direction and the crystal surface.
Reproduced with permission from [60], copyright 2021.

Figure 14 [60] shows the signal spectra acquired using a spectrometer and a CCD
camera, while rotating the angle 0 for two crystals as shown in Figure 13b, where 6 repre-
sents the angle between the pump direction and the crystal surface. The idler wavelengths
corresponding to the signal ones are reported in the top axes.
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Figure 14. Spectra of SPDC signal photons generated from (a) crystal 1 varying the rotation angle
6 from 4° to 30° every 2° and (c) crystal 2 varying the rotation angle from —30° to 26° every 2°.
The corresponding wavelengths of the idler photons are shown in the top axes. Signal center
wavelength as a function of the internal angle 8’ for crystal 1 (b) and crystal 2 (d). The right axes
show the corresponding wavelengths of the idler photons. Reproduced with permission from [60],
copyright 2021.

Figure 14a,c show the spectra of SPDC photons generated from crystal 1 and crystal 2,
respectively: for the same initial position of the crystal with respect to the pump (6 = 0°),
different initial wavelengths were generated; rotating the crystal both in positive and
negative directions, the wavelength of the generated photon changes. Figure 14b,d show
the dependence of the center SPDC wavelength generated by crystal 1 and 2 on the internal
angle 0’ from the OA, showing the capability to generate idler photons in the range (1186,
1824) nm and (1436, 4694), respectively. Further investigation using two SNSPDs for the VIS
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and IR photons with different detection efficiencies showed that the photon pair generation
rate is ~10° s~! per mW of pump power in a wide wavelength range up to 2000 nm.

5. FWM in MIR

FWM in silicon quantum photonics emerged as an optimal technology offering the fea-
tures of integration, miniaturization and manufacturability required by many applications
in quantum sensing and metrology [61]. Silicon-on-insulator (SOI) waveguides platforms
are particularly attractive since they are compatible with complementary metal-oxide semi-
conductor (CMOS) technology, taking the advantages of advanced on-chip integration of
various electrically and optically controlled components [62] and of mature fabrication
methods which facilitate reliable and reproducible results [63]. Wavelength-division mul-
tiplexing schemes have been demonstrated on a silicon micro-ring resonator, enabling
parallel distribution of photon pairs at telecommunication multiwavelength channels, with
potential benefits for the extension of the information capacity of a quantum network for
parallel QKD [64]. Moreover, in the general framework of moving from NIR towards MIR
integrated optics, SOI photonics offer three main advantages if operated at wavelengths
greater than 2 um, with respect to the implementation at the 1550 nm wavelength. First,
the main source of losses limiting the heralding efficiency of SFWM single photon sources
at 1550 nm is the intrinsic two-photon absorption (TPA) [65-67]. It consists of the excitation
of a crystal electron by two photons. The energy of two photons at 2.1 um is not sufficient
to excite a crystal electron [68,69]. Secondly, the photon-pair generation at 2.1 pm is more
efficient, thanks to the presence of a peak in the non-linear refractive index. Finally, a
reduction of the linear loss due to Rayleigh scattering off etched waveguide sidewalls
occur at long wavelength [70,71]. These strength points moved the research to develop and
optimize silicon waveguides able to generate entangled photon pairs at 2.1 um, designing
the waveguide in order to guarantee efficient SFWM in accordance with the equations in
Section 2.2.

There are two types of FWM that can be realized [72]: the most conventional is intra-
modal FWM, where the conversion of two input pump photons into an idler and a signal
involves only one waveguide mode. Differently, in inter-modal SFWM the phase matching
is achieved exploiting the different optical spatial modes of a photonic waveguides with
different chromatic dispersion.

In [73] MIR, intra-modal FWM was realized in a silicon waveguide. The design was
optimized based on the simulations of the dependence of the waveguide group-velocity
dispersion (GVD) parameter (3; and of the effective modal area A.¢ with the waveguide
width at A = 2.071 pm, as shown in Figure 15 [73].

Since for efficient intra-modal FWM the GVD must be anomalous or zero (3, < 0), the
optimal waveguide width of 510 nm was selected. With this geometry the phase-matching
of the source was demonstrated measuring stimulated FWM on an optical spectrum
analyzer. Figure 15¢ [73] shows the power spectral density of the pump and stimulated
emission for different seed laser wavelengths, confirming that phase-matched FWM was
observed over 60 nm. Spontaneous FWM in the waveguide was used to obtain a bright
source of quantum-correlated photon pairs, whose characterization showed a generation
probability of 0.28/ W? and a maximum CAR of 25.7 + 1.1. On-chip quantum interference
was demonstrated using a time-reversed HOM experiment, with the experimental setup
and waveguide circuit shown in Figure 16a,b [73].

The picosecond-pulsed laser centered at 2.0715 um was injected into the fundamental
TE mode of the waveguide with a vertical grating coupler. The pump field was equally split
between the two photon-pair sources, which are coherently pumped and the relative phase
¢ between the two arms was changed using a thermo-optic phase modulator. The biphoton
state then interfered on a balanced directional coupler. Coherent pumping of both sources
produced SFWM photon pairs in superposition. Figure 16b reports the experimental
results, showing characteristic half period interference fringes in the coincidences with
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the variation of the on-chip phase. This quantum interference showed a net visibility of
V =0.993 £+ 0.017.
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Figure 15. (a) Scanning electron micrograph of the image of the waveguide cross section obtained
with a scanning electron microscope (scale bar 100 nm). (b) Simulation results of the group velocity
dispersion (3; and effective modal area A for different waveguide’s widths. The height and side-
wall angle of the waveguide are 340 nm and 15°, respectively. (c) Measured normalized power
spectral density of broadband stimulated four-wave mixing. The pulsed pump has a wavelength
of 2.071 pum; a stimulating tunable seed laser was swept at wavelength < 2.071 um to obtain the
stimulated emission at wavelength > 2.071 um. Adapted and reproduced with permission from [73],

copyright 2020.
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Figure 16. Experimental measurement of on chip quantum interference. (a) Schematic of the ex-
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perimental set-up. The pump laser passes through a stage control (a polarization control PC and
a double-pass monochromator filter) before being coupled into the waveguide circuit. A monitor
photodiode (PD) is inserted at the input tap. The on-chip quantum state is controlled using a DC-
voltage controller. A detection scheme consisting of superconducting nanowires and a time interval
analyzer (TIA) is implemented to detect the signal and idler photons, after being filtered with a
monochromator. (b) Experimental results showing quantum and classical interference fringes with
varying on-chip phase ¢. The fitted net visibility is V = 0.993 & 0.017. Reproduced with permission
from [73], copyright 2020.

In [74] the demonstration of a SOI waveguide chip source of heralded MIR single
photons based on inter-modal SFWM was reported. The first straightforward advantage
of this operation mode is that the signal and the idler photons are generated on different
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waveguide modes, making it possible to separate them easily with high efficiency using an
on-chip mode converter. The heralding efficiency was enhanced with respect to traditional
intra-modal SFWM thanks to the generation of photons in discrete bands, which prevented
the use of narrowband filters to select the wavelength of signal and idler. The pump
was a standard 1550 nm pulsed laser which was easy to integrate in a chip and the MIR
detection was performed by means of an upconversion system, avoiding the use of MIR
technology. Moreover, intermodal FWM has the advantage of not requiring anomalous
group velocity dispersion (GVD) [75], commonly researched for intramodal FWM to achieve
phase matching [76,77]. This results in easier handling of the phase-matching condition [78],
higher flexibility and larger spectral conversion.
The apparatus to realize intramodal FWM in a waveguide is shown in Figure 17 [74].
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Figure 17. (a) Simulation of the TEQ and TE1 modes intensity profiles in the multimode waveguide
(MMWG). (b) Schematic of the experimental setup. The pump is a pulsed laser at 1550.3 nm coupled to
the chip using a tapered lensed fiber. In the chip after a 3-dB directional coupler (DC), an asymmetric
directional coupler (ADC1) is used to convert half of the pump to the TE1 mode, leaving the other
half on the TEQ, allowing the pump to reach the multimode waveguide equally split in the two
modes. The inter-modal SFWM process takes place in the waveguide, with the generation of the idler
photon (blue) in the TEO mode and the signal (red) photon in the TE1 mode. A second asymmetric
directional coupler (ADC?2) is used to convert the signal to the TEQ, in order to easily separate the
idler and signal photons, which are finally out-coupled from the chip with two tapered lensed fibers.
The idler photons are detected via an InGaAs SPAD, after being filtered with a short pass filter (SP)
with a cut-off wavelength of 1335 nm to suppress the pump residual and Raman noise. The signal
photons are upconverted to the visible through an upconverter (UC) system and analyzed by an HBT
interferometer. Reproduced with permission from [74], copyright 2021.

The pump, split in the TEO and TE1 modes, reached the multimode waveguide where
the inter-modal SFWM generated the signal photons in the TE1 modes at 1259.7 £ 0.5 nm
and the idler photons in the TEQ at 2015.2 & 1.5 nm for the conservation of the energy.
This large detuning offers additional advantages for the pump and Raman noise rejection
with broadband filters. A model of the process was proposed to evaluate the detection
probabilities per pulse for idler, signal, coincidences and accidentals which are quadratic
with the pump power for SFWM. In the model all the non-linear processes taking place
in the waveguides were considered, including the main losses influencing the actual
generation and transmission efficiency of the pairs: the already discussed TPA, the cross two
photon absorption (XTPA) and the free carrier absorption (FCA). TPA affects almost only
pump photons, while XTPA occurs between one pump photon and one signal/idler photon.
As a result, the probabilities of detection are not quadratic with the input pump power, as
predicted by the theory. The non-linear response of the idler detector must be modelled
as well. A generation probability of (0.7 & 0.1) W~2 and intrinsic heralding efficiency of
59 £ 5% were measured. The characterization of the CAR lead to a maximum value of
40.4, while the sub-Poissonian statistics of the source was demonstrated with a measured
g@(0) = 0.23. The measured performances demonstrates the promising perspectives of the
new approach of inter-modal SFWM for bright and efficient sources of correlated photons in
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the MIR, realizing a low cost, efficient and integrated solution for quantum MIR photonics,
without the need for MIR technologies.

6. Conclusions

The generation of single photons and correlated photon pairs is essential for many
quantum applications. In this review the results of the state of art regarding MIR sources
were presented focusing on the two most promising non-linear processes of spontaneous
parametric downconversion and four wave mixing.

Recent advances in the fabrication of non-linear materials stimulated the development
of numerical simulations aimed at investigating how to exploit them to produce and manip-
ulate MIR single photons generated through SPDC. Novel materials as ZGP, CSP, OP-GaAs,
PMN-PT show a large nonlinear coefficient, MIR transparency range, as well as intrinsic
group velocity-matched wavelengths in the MIR range. MIR single photons can be gener-
ated at wavelengths up to 13 um through non degenerate type-0 SPDC in Op-GaAs and
up to 7.4 um in degenerate type-1I SPDC in ZGP. PMN-PT is particularly attractive since it
offers the possibility of dynamic control and manipulation of the MIR generated photons
wavelengths changing the poling period with low coercive fields. Moreover, with respect
to the bulk crystals, dielectric/PMT-PT/dielectric waveguides can be easily fabricated,
moving towards an integrated quantum platform. Besides the investigation of novel mate-
rials, the proper engineering of conventional materials, such as doping the conventional
PPNL with different dopants and different doping ratios, produces an instrument able to
manipulate the single photon state in the MIR range. A further step would be investigating
the spectrally pure single-photon generation from doped PPLN waveguides or films, which
exhibit the advantages of higher non-linear efficiency, and is easier for integration and
miniaturization. These simulations paved the way for quantum MIR applications such as
biomedical imaging, communication, and remote sensing. Nevertheless, when moving
from theoretical study to experimental implementation, technological limitations must be
considered. Actually, most of the materials discussed do not show high optical quality like
the conventional PPNL and PPKTP. ZGP and CSP don't allow refractive index modification
and OP-GaAs waveguides suffer from high propagation losses, making the waveguide
integration difficult using these materials. Experimental implementations of PMN-PT
have not been realized yet; it would require a careful and precise verification of the exact
dispersion parameters for a particular PMN-PT crystal, which depends on the growth
method and the doping levels.

Experimental implementations of the SPDC process for the generation of correlated
photon pairs at MIR wavelengths have been based so far mainly on PPNL and MgO-
PPLN. Non degenerate twin photons at 2.89 um and 3.34 um were generated in PPLN.
MgO-PPLN was exploited in different quantum experiments: the two-photon interference
and polarization-entangled photon pair generation at 2.1 um; the direct generation and
detection of a high-purity photon pair at 780 nm and 3950 nm in a MgO-PPLM waveguide;
the wavelength variable generation and detection of photon pairs in the VIS and [2, 5] pm
MIR region, obtained by changing the orientation of the crystal with respect to the pump
direction. High coincidence-to-accidental ratios were measured for all the sources, as
summarized in Table 1, indicating a strong correlation between the photons in the pairs. It
is important to underline that the CAR is a measurement of the coincidence and background
counts on single photon detectors. As a consequence, it strongly depends on the count
rate and dark count rate of the detectors, as well as on the efficiency of the overall system,
including all the optical components such as filters, beam splitters, fiber propagation,
coupling with the detectors and detection losses. As a result, improvements in all these
components of the system will result in further improvement of the CAR. Measurements
of the second order correlation function g demonstrated the indistinguishability of the
reported systems. Most of the reported results are still based on bulk crystals, with the
exception of [38], where SPDC and the upconversion detection system are based on a
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lithium-niobate waveguide, enabling the possibility to develop an integrated platform
capable of hosting all necessary quantum functionality.

Table 1. Overview and comparison of the main results of the state of art for the photon-pair generation
in the mid-infrared through parametric downconversion and four wave mixing. X: not reported.

Generation
. . CAR Heralded Conversion HOM
Process Material A (nm) Pr%’;ﬁ’;}“y Max gn2(0) Efficiency  Visibility Ref
2890
SPDC PPNL 3340 X 15.7 £ 04 X —110dB X [59]
780
SPDC MgO-PPLN 3950 X 54 +£7 0.08 + 0.015 —87 dB X [38]
SPDC MgO-PPLN 2090 X 180 £ 50 X X 88.1% [39]
Intra-modal
SFWM SOI ~2071 0.28 25.7 + 1.1 X X 0.993 + 0.017 [73]
Inter-modal 1259.7
SFWM SOI 2015.2 0.70 £0.10 404 +£0.9 0.23 + 0.08 X X [74]

In parallel with the implementation of the reported SPDC experiments mainly based
on bulk crystals, much work is currently focused on bringing integrated optics to MIR.
In this contest, SOI photonics is a cutting-edge technology covering wavelengths up to
4 um. Manufacturable and high-performance platforms for MIR applied quantum optics
can be realized through FWM in SOI waveguides, with the demonstration of bright sources
of photon pairs and high-visibility quantum interference at ~2 pm at room temperature
with the intra-modal SFWM. Further improvements are required to enhance both the CAR
and the interference visibility, which are currently limited by the dark count rates and
the low system efficiency. New approaches based on inter-modal SFWM in SOI showed
the capability to realize bright and efficient sources of correlated photons beyond 2 um.
Nevertheless, more effort still needs to be concentrated on the development of integrated
photon sources to fully exploit the advantages of brightness, compactness, robustness, and
low required voltages, which lead to easier adoptability in applications. Proper source
engineering is required to reduce losses coming from the coupling between different
elements, as well as from integrated filters, which are lossy and with low extinction,
requiring cascading filters to achieve the required pump and noise suppression.

Besides the SOI waveguides discussed in this review, other platforms have been
and still are investigated in integrated photonics, based on femtosecond laser microma-
chining in transparent material [79], or on wide-bandgap nonlinear materials, including
silicon carbide (SiC), silicon nitride (Si3Ny), aluminum nitride (AIN) and lithium niobate
on insulator [80]. These wide-bandgap materials show low two-photon absorption and
subsequent free carrier absorption, facilitating the FWM process. Silicon carbide in the
4H-SiC polytypes is attracting great interest in integrated non-linear photonics thanks to
its excellent crystal quality, low material absorption, high third-order nonlinearity and
high refractive index which enable strong mode confinement. To date, the most promising
results have been demonstrated in the telecommunication band, with the development of
a SiC photonic device for FWM with different polarization and spatial modes [81] and of
soliton microcombs in an integrated SiC microresonator [82]. AIN possesses both strong
X@ and X® non linearities, enabling cascaded nonlinear effects including sum frequency
generation, third harmonic generation and four wave mixing; its wide band gap (6.0-6.1 eV)
enables applications from the ultraviolet to the mid-infrared range. High-Q and low loss
AIN micro-ring resonators have been implemented to generate a frequency comb through
cascaded FWM [83]. Although the results obtained in recent years with these platforms are
mainly related to the near-infrared range, they offer a promising starting point for future
research on their exploitation for mid-infrared photon pair generation through FWM.
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