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Existing nonlinear-optic implementations of pure, un-
filtered heralded single-photon sources do not offer
the scalability required for densely integrated quan-
tum networks. Additionally, lithium niobate has hith-
erto been unsuitable for such use due to its mate-
rial dispersion. We engineer the dispersion and the
quasi-phasematching conditions of a waveguide in
the rapidly emerging thin-film lithium niobate plat-
form to generate spectrally separable photon pairs
in the telecommunications band. Such photon pairs
can be used as spectrally pure heralded single-photon
sources in quantum networks. We estimate a heralded-
state spectral purity of >94% based on joint spec-
tral intensity measurements. Further, a joint spectral
phase-sensitive measurement of the unheralded time-
integrated second-order correlation function yields a
heralded-state purity of (86 &+ 5)%. © 2022 The Author(s)
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Thin-film lithium niobate (TFLN) can host many active devices
of interest for scalable room-temperature and high-bandwidth
photonic quantum technology, including state-of-the-art electro-
optic modulators [1], optical frequency converters [2], photon
detectors [3], and optical X(Z)-based photon-pair sources [4-6].
Properly engineered, a photon-pair source can also be used as a
single-photon source by heralding the existence of one photon
through detection of the other one [7]. However, LN-based
sources typically yield photon pairs in spectrally entangled
biphoton states due to material dispersion. Such entanglement
results in incoherence between different frequency components
upon detection of the heralding photon, and causes the heralded
photon to be produced in a mixed state [8]. This renders the
heralded photon unsuitable for quantum interference, and thus
unusable for optical quantum computing and networking.
Existing solutions to this problem include strong spectral
filtering of the heralded photon [9], nonlinear interaction in cav-
ities [10, 11], or using a different nonlinear medium with a more

suitable material dispersion [7, 12, 13]. However, such tech-
niques come with the problems of reduced photon generation
rates, compromised heralding efficiencies, or lack of thin-film
wafer availability for scalable, integrated nanophotonics.

In this work, we demonstrate joint spectral separability in
TFLN by exploiting the dispersion control enabled by sub-
wavelength photon confinement in thin films. By optimizing
the TFLN waveguide geometry, we overcome the limitations
imposed by LN’s material dispersion [14]. Additionally, we spa-
tially apodize the quasi-phasematching (QPM) grating to sup-
press side lobes present in the phasematching functions (PMF)
of uniform QPM gratings, and thereby producing a Gaussian
PMEF [15]. Thus, we experimentally realize a monolithically inte-
grable photon-pair source on TFLN, with heralded-state spectral
purity Pypectral > 94% inferred from the measured joint spectral
intensity [16]. To further characterize the heralded-state pu-
rity, we measure the unheralded time-integrated second-order
correlation function g(2) = 1.86 & 0.05 of the signal photons.
This provides an estimate of the heralded-state purity P, where
P~ ¢g® —1,and P = 1 corresponds to complete spectral sepa-
rability, including spectral phase [17].

Photon-pair generation in LN takes place via spontaneous
parametric downconversion (SPDC), where a pump photon of
center frequency wy is downconverted to a signal and an idler
photon of center frequencies ws and w;, respectively, such that
energy is conserved, i.e. wy = ws + w;. This process is described
by the semi-classical Hamiltonian

A= // dew; dws (i, ws) aTat +hee,, 0

where f(w;,ws) = ap(w; + ws) ¢(w;, ws) is the joint spectral
amplitude (JSA) of the biphoton state; a is the pump envelope
function (PEF), and ¢ is the PMEF. The joint spectral intensity (JSI)
is |f(wi,ws))* = |ap(w; +ws)]2|¢(w,~,w5)|2. A spectrally sepa-
rable biphoton state, which is necessary for producing a spec-
trally pure heralded state, requires f(w;, ws) = fi(w;) fs(ws). In
this work, we design for spectral separability up to second order
in phase mismatch by satisfying the group-velocity mismatch
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(GVM) condition <v§; — U§},> / <v§; — v;}) > 0, where Ug*,lﬂ
(m = s, i, p) are the group velocities. This condition is satisfied
if the pump group velocity lies between that of the signal and
idler, or is exactly equal to either of those. While this ensures the
separability of the JSI, the spectral phase correlations in a JSA
resulting from the product of a Gaussian pump and a Gaussian
PMF can be eliminated by standard pulse shaping techniques
that satisfy 28; + /2 = 0, where B; and f, represent the
group-delay dispersion the pump experiences before and in the
waveguide, respectively [8].
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Fig. 1. Device design. (a) Normalized cross-sectional mode in-
tensities of the pump at 775 nm wavelength and both signal and
idler at 1550 nm wavelength. TFLN is outlined in white with air
on top and silica cladding underneath, with nominal waveguide
dimensions of top width 1200 nm, film thickness 700 nm, etch
depth 300 nm, sidewall angle 62°. (b) Simulated PMF for varied
film thickness, other dimensions are same as above; waveguide
length 5 mm. The lines representing zero GVM ratio and slope
of the PEF are represented by red and blue dashed lines, respec-
tively. (c) Simulated normalized JSIs for waveguide geometry
in (a) for (I) non-apodized (sinc) PMF (dashed outline around
side lobes for emphasis) and (II) Gaussian PMF, for Gaussian
pumps of FWHMSs 0.8 THz and 1.0 THz, respectively, optimizing
the respective Ppectral t0 90.5% and 99.8%. (d) Deleted-domain
Gaussian-apodized poling electrode pattern (left). Two-photon
microscope image of the poled film (right); overlaid yellow line
represents the waveguide while black and grey regions show
the electrodes and inverted domains, respectively.

Our design uses waveguide geometry-induced dispersion to
satisfy the GVM condition for generating a spectrally separable
biphoton state at telecommunications wavelengths. Due to its
higher fabrication tolerance, a type-II phasematching scheme is
used [14], where the pump beam is in a quasi-TMgy mode, and
the signal and idler beams are in quasi-TEyy and quasi-TMqg
modes, respectively (Fig. 1a). Since the PEF slope is fixed by
energy conservation to be negative, the PMF slope must be zero
or positive to generate a spectrally separable biphoton state.

Appropriate dispersion is achieved by tuning the TFLN waveg-
uide geometry, with the film thickness being the most sensitive
parameter (Fig. 1b). Of the investigated film thicknesses, the
intermediate value of 700 nm provides the desired PMF slope.

For maximum separability, a Gaussian PMF is generated us-
ing deleted-domain Gaussian apodization of the periodic poling,
as opposed to sinc-squared profile obtained from a uniform (i.e.
non-apodized) grating [15]. The simulated JSIs for non-apodized
and apodized PMFs are shown in Fig. 1c panels I and II, respec-
tively. The apodized poling electrode layout is schematized in
Fig. 1d (left), while part of the poled film prior to waveguide fab-
rication is shown in the inset (right). Poled waveguides are fab-
ricated on an x-cut 700 nm MgO-doped TFLN on insulator die
following Ref. [2]. Air-clad waveguides with Gaussian-apodized
as well as non-apodized QPM gratings are fabricated for com-
parison; phasematching was tuned across the die by poling each
device with a slightly different period near 3.25 pm.
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Fig. 2. PMF characterization via SFG. (a) Measurement setup.
PC, polarization controller; BS, beam splitter; LF, lensed fiber;
DUT, device under test; Si-PD, silicon photoreceiver. (b) Noz-
malized measured PMFs for a waveguide with (I) non-apodized
periodic poling and (II) Gaussian-apodized periodic poling. Esti-
mated normalized joint spectral intensities with optimal purities
of ~90.6% and ~94.4% are obtained for the device with (III) non-
apodized periodic poling and the device with (IV) Gaussian-
apodized periodic poling, respectively. Overlaid solid white
lines indicate the center wavelengths, Ay, of the optimal pump
spectra needed to maximize JSI purities, while the dashed lines
indicate the FWHM, Av), envelopes of the optimal pump spec-
tra. For the device with non-apodized QPM, A, = 756 nm and
Av, = 2.83 THz, whereas for the device with apodized QPM,
Ap =780 nm and Av, = 1.20 THz.

To characterize our devices, we first measure the PMF via
sum-frequency generation (SFG). The SFG process creates a
field at frequency w, by combining signal and idler fields
with frequencies ws and w;, respectively, and shares the same
phasematching conditions as the SPDC process involving these
photons. Assuming that the powers of the idler and signal
fields P(w;) and P(ws), respectively, are constant and un-
depleted, the power P (w)) generated at the sum-frequency,

wp, obeys p(wi, ws)|* o P(wp)/[P(w;i)P(ws)]. Accordingly,
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we extract |¢(w;, ws)[* by tuning w; and ws and measuring
P (wp). Signal and idler beams are generated using two tunable
continuous-wave telecommunications-band lasers, combined
using a 50:50 beamsplitter, and end-fire coupled into the poled
waveguides (Fig. 2a). The generated SFG signal is collected
using a lensed fiber and directed to a silicon photoreceiver.

Our measurement yields PMFs with the desired positive
slopes, indicating that the targeted waveguide dispersion is
achieved (Fig. 2b, panels I and II). Moreover, side lobes visible
in the PMF of the waveguide with non-apodized QPM (Fig. 2b,
panel I) are suppressed in that with deleted-domain Gaussian
apodization (Fig. 2b, panel II). We note that these two waveg-
uides were chosen based on fabrication quality, but had slightly
different poling periods, and thus differ in their phasematching.
For each measured PMF, we estimate the JSI by multiplying the
measured PMF with an optimal Gaussian pump envelope that
maximizes the heralded-state spectral purity, Pspectral- We find
that the resulting Pspectral for both exceed 90% (Fig. 2b, panels III
and IV), with it being higher for the device using the Gaussian-
apodized QPM than that using the non-apodized QPM, as ex-
pected. Deviations from simulations in Fig. 1 are due to small
differences between nominal and fabricated waveguide geome-
tries, small asymmetries in apodized QPM, and different phase-
matched wavelengths. In bulk LN, such dispersion engineering
is not possible, and biphoton states in the telecommunications
band with Ppectral >90% are only achievable upon extreme fil-
tering, which in turn greatly reduces the photon rates [18].

Next, we characterize the spectral separability of the biphoton
state produced directly via SPDC in the aforementioned waveg-
uide with Gaussian-apodized QPM. This is done in two ways:
dispersive fiber spectroscopy to quantify the JSI of the state and
estimate heralded-state spectral purity [16], and an unheralded
second-order correlation ¢g(2) measurement of the signal beam
to directly estimate the heralded-state purity [17] (Fig. 3). Fol-
lowing Ref. [13], a pair of diffraction gratings and a Gaussian
transmission mask are used to produce a pump pulse centered
on Ay = 780 nm with Av = 1.04 THz (Fig. 3a, inset), which is
close to the simulated optimized pump profile (Fig. 2b, IV). The
pump beam is coupled into the device using an aspheric lens
to avoid the dispersion induced by a lensed fiber. The gener-
ated signal and idler photons are collected using a lensed fiber
and separated using a fiber polarizing beamsplitter following a
long-pass filter which filters out the pump beam (Fig. 3a).

By means of a pair of optical circulators, the JSI of the bipho-
ton state is characterized by counterpropagating the signal and
idler photons over a 20 km-long single-mode fiber (Fig. 3b). Due
to fiber dispersion, D) ~ 17 ps/nm/km, the wavelength distri-
bution of the signal and idler photons are mapped to an arrival-
time delay of At(A) = D, - L- (A — Ag), where Ag = 1.55 pm.
Thus, the joint histogram of the arrival time delays of the sig-
nal and idler photons, relative to an electrical pulse generated
concurrently with the pump pulse, is used to determine the JSI.

The measured JSI is consistent with our simulations (Fig. 4a).
Using singular value decomposition of the JSI data [19], we esti-
mate our device to have a spectral purity of Pypectral ~ 96.3% in
absence of correlations in the phase component of the JSA. We
note that the idler photon bandwidth is slightly narrower than
expected while the signal photon bandwidth is broader than
expected. This bandwidth difference is because the values of D
in the dispersive fiber at the center wavelengths of the signal
and idler photons deviate from the manufacturer’s specifications
at 1.55 pm. We further note that the measured spectral purity
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Fig. 3. Setup for characterizing the biphoton state generated via
SPDC. (a) Pump filtering and waveguide in- and out-coupling
setup. The spectrum of a 775 nm-wavelength pulse generated
by a Ti:sapphire laser is modified using a pair of diffraction
gratings (DG) and a Gaussian transmission filter (GTF) in a 4f-
configuration. Insets: normalized pump pulse spectra without
(upper panel) and with (lower panel) filtering measured using an
optical spectrum analyzer, black dashed lines are Gaussian fits.
L1, lens with focal length f; GTM, Gaussian transmission mask;
L2, in-coupling aspheric lens (4.5-mm focal length, 0.55 numer-
ical aperture); LF, lensed fiber; FC, fiber coupler; LPF1, long-
pass filter for pump filtering; LPF2, long-pass filter for filtering
the idler photon used in the unheralded second-order correla-
tion measurement only; PC, polarization controller; PBS, fiber
polarizing beamsplitter. (b) Fiber spectroscopy schematic for
JSI measurement. Signal and idler photons counterpropagate
through single-mode fiber of a 20 km length using circulators.
Arrival times of the signal and idler photons at superconducting
nanowire single-photon detectors (SNSPDs) are recorded rela-
tive to an electrical pulse generated by the pump pulse using
time tagging electronics. (c) Hanbury-Brown-Twiss (HBT) setup
for measuring the unheralded second-order correlation function
g(z) of the signal beam. An optional coarse-wavelength division
multiplexer channel (CWDM) at Ay = 1591.08 nm (15.6 nm 3-dB
bandwidth) is used to coarsely filter the signal photon.

value is slightly higher than that estimated from the product
of the measured PMF and a theoretical optimal pump (Fig. 2b,
panel IV). This is explained collectively by the bandwidth rescal-
ing and the coarse spectral resolution (~0.53 nm) of the measure-
ment compared to the finely sampled PMF measurement. The
former resolution is limited by the amount of applied second
order dispersion, the pump laser repetition rate, and the timing
resolution of our detectors and readout electronics.

To further characterize the biphoton state separability, and
thus the heralded-state purity, P, we perform a measurement
of the unheralded g(2> of the signal beam. Unlike the JSI mea-
surement, this measurement is sensitive to spectral correlations
resulting from JSA phase [17] and also entanglement in other
degrees of freedom, and therefore provides additional informa-
tion about the separability of the generated biphoton state. After
adding a long-pass filter (LPF2) to the setup to block the idler
beam (Fig. 3a), the signal beam is directed to an optional 15.6-
nm-wide bandwidth filter (BP), which is used to characterize
the biphoton state separability with additional coarse spectral
filtering, then into a fiber-based Hanbury-Brown-Twiss setup
(Fig. 3¢). A 4-ns coincidence window is used, which far exceeds
the pump pulse duration, which is ~400 fs, and thus the normal-
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Fig. 4. Measured JSI and time-integrated g(2) for a bipho-
ton state generated by SPDC. (a) JSI measured using fiber
dispersion-based time-of-flight spectroscopy. Overlaid dashed
white (dashed-dot gold) lines indicate the pump envelope (PMF)
FWHM extracted from the SFG measurement. Panel above (left
of) the JSI is the normalized spectrum of the idler (signal) beam.
(b) Unheralded normalized coincidence histograms for (I) un-
filtered signal beam and (II) coarsely filtered signal beam. Co-
incidence events per bin integrated over a 4-ns window and
normalized to the mean detection events per bin at non-zero
delay. The zero-delay bin is highlighted in green. Peaks are sep-
arated in time according to the repetition rate, f, = 79.4 MHz,
of the Ti:sapphire laser.

ized coincidence rate at zero time delay yields g(2> (Fig. 4b). The
measured unheralded ¢(?) are 1.79 + 0.04 and 1.86 + 0.05, for
measurements with and without coarse filtering, respectively.
The purities are thus P} = (79 £ 4)% and Py = (86 & 5)%, with
the improvement in the latter case owing to suppression of the
phasematching pedestal created by poling imperfections [20].
We note that the measured overall heralded-state purity is less
than the Pypectral ~ 96.3% estimated from the JSI measurement.
This is possibly due to unintended entanglement in polariza-
tion and spatial degrees of freedom in our type-II process, and
phase chirp in the pump pulse leading to JSA phase correla-
tions. We believe higher purities will be attainable with further
refinement of our fabrication process, though bulk sources with
spectral purities comparable to this work have already been
used to demonstrate high efficiency entanglement swapping
and teleportation [21]. Moreover, the heralded-state purity of
our SPDC-based biphoton source is, to our knowledge, the high-
est of any unfiltered single-pass lithium niobate-based approach.

In conclusion, we have demonstrated record-high spectral
separability of a single-pass, lithium niobate-based photon pair
source in the telecommunications band, without any narrow
spectral filtering, using a thin-film lithium niobate waveguide.

This work is a valuable addition to this rapidly emerging thin-
film platform’s unique capabilities and indicates its potential to
form the basis of scalable, integrated quantum photonics.
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