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Germany, “Fraunhofer Institute for Applied Optics and Precision Engineering, Jena, Germany

Sources of spectrally engineered photonic states are a key resource in several
quantum technologies. Of particular importance are the so-called factorizable
biphoton states, which possess no spectral entanglement and hence, are ideal
for heralded generation of high-purity single photons. An essential prerequisite
for generating these states through nonlinear frequency conversion is the
control over the group indices of the photonic modes of the source. Here,
we show that thin-film lithium niobate on insulator (LNOI) is an excellent
platform for this purpose. We design and fabricate periodically poled ridge
waveguides in LNOI to demonstrate group index engineering of its guided
photonic modes and harness this control to experimentally realize on-chip
group index matched type-Il sum-frequency generation (SFG). Also, we
numerically study the role of the top cladding layer in tuning the dispersion
properties of the ridge waveguide structures and reveal a distinctive difference
between the air and silica-clad designs which are currently among the two most
common device cladding configurations in LNOI. We expect that these results
will be relevant for various classical and quantum applications where dispersion
controlis crucial in tailoring the nonlinear response of the LNOI-based devices.

KEYWORDS

integrated optics, nonlinear waveguides, dispersion engineering, frequency
conversion, spontaneous parametric down conversion, photon pair generation

1 Introduction

The field of integrated linear and nonlinear optics has seen rapid technological
progress based on recent developments in the thin-film lithium niobate on insulator
(LNOI) photonic platform (Zhang et al., 2017; Wang et al., 2018a; Saravi et al., 2021).
Improvements in microfabrication techniques have enabled reliable monolithic
fabrication of nanoscale low-loss optical waveguide structures with typical cross-
sectional dimensions below 1 ym? This promises to truly meet the requirements in
high on-chip integration density, high performance and scalability of fabrication (Luke

et al., 2020). More crucially, lithium niobate (LN), being a y®-

nonlinear material, allows
an array of integrated nonlinear optical applications such as classical frequency

conversion (Geiss et al., 2015; Wang et al., 2018b), on-chip frequency comb creation
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(Zhang et al., 2019), supercontinuum generation, (Yu et al., 2019;
Escalé et al., 2020), and photon-pair generation with strong
spectral entanglement and high generation rates (Zhao et al,
2020) through efficient
conversion (SPDC).
Apart from high conversion efficiencies (Wang et al., 2018b;

spontaneous parametric down-

Rao et al, 2019), an often needed capability in classical and
quantum nonlinear frequency conversion processes is control
over the spectral characteristics of the generated light. This is
especially relevant for quantum applications requiring
generation of spectrally tailored quantum states. A preeminent
example of such an application is the heralded generation of high
purity single-photon states through SPDC. In SPDC, a higher
energy pump (P) photon at frequency wp spontaneously splits
into a pair of lower energy photons, called signal (S) and idler (I)
with frequencies ws and wy inside a y®-medium, such that wp =
ws + wy. If the SPDC process is engineered to eliminate the
spectral entanglement between the two photons, such that the
generated two-photon joint state is spectrally factorizable, then
the generation of a spectrally pure single-photon state can be
heralded by detecting the other photon of the pair (U’Ren et al.,
2005; Mosley et al., 2008).

Spectral engineering of SPDC to produce such factorizable
states requires careful manipulation of the group indices (n,) of
pump, signal and the idler modes such that either the condition
nz < ng < n; or nlg < ng < n; can be fulfilled (Grice et al., 2001). In

general, achieving such control over the dispersion properties of a

X(

possible.

? nonlinear source at wavelengths of interest is not always

Ridge waveguides in LNOI allow broad control over the
dispersion of its optical modes (Jankowski et al., 2020). This is in
contrast to the conventional low-index contrast in-diffused
waveguides in LN, where the dispersion properties of the
modes are mostly dominated by that of the bulk LN material.
In the case of LNOI, tight modal confinement of light in
subwavelength dimension waveguiding structures can lead to
dispersion engineering opportunities. Through geometry-
induced dispersion control, LNOI ridge waveguides can allow
manipulation of group velocity and group-velocity dispersion of
the modes. In recent works, this dispersion engineering capability
has received special attention (Jankowski et al., 2021). Through
appropriate waveguide design, dispersion parameters have been
optimized to significantly enlarge the bandwidth of second
harmonic generation and SPDC processes compared to that in
the bulk medium (Solntsev et al., 2011; Jankowski et al., 2020;
Javid et al., 2021; Ledezma et al., 2021).

So far, most of the experimental efforts towards dispersion
engineering in LNOI nanophotonics have been focused on the
so-called type-0 processes to exploit its highest nonlinear tensor
element, d;3. However, a type-0 process restricts the range of
possibilities in dispersion control since it does not fully leverage
the strong birefringence of ridge waveguides. In particular, to
satisfy the factorizability condition for generation of frequency-
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degenerate signal and idler photons, the two photons have to be
generated in two different modes to first realize different group
indices for them, and then try to engineer the pump group index
to a value between them. For this scenario, a type-II process is
needed, which utilizes the dz; element of the nonlinear tensor
and involves two orthogonally polarized modes for the signal and
idler photons: the transverse magnetic (TM) and transverse
electric (TE) modes. In fact, it has been theoretically shown
that by exploiting the geometry-dependent birefringence of the
modes in LNOI ridge waveguides, the group indices can be
tailored to satisfy the condition for generation of factorizable
photon-pairs (Kang et al., 2014).

In this work, we experimentally demonstrate the dispersion-
engineering capability of LNOI ridge waveguides for spectral
control of type-II frequency conversion processes. Specifically,
we show that in a type-II process, the group indices of the signal
and pump modes can be made equal, ng = nz, through a suitable
choice of the design parameters. We verify this control
experimentally by mapping the spectral properties of the type-
II process in sum-frequency generation (SFG) experiments,
where the waveguides are excited at the signal and idler
wavelengths and pump photons are generated through the
SEG process. We show that the signal and pump modes of
the waveguides have group indices that are nearly equal to
each other. This shows the capability of LNOI waveguides for
dispersion engineering of type-II frequency conversion. The
group index matching demonstrated here is highly relevant
for realizing on-chip sources of spectrally pure single photons
as it is required for the generation of factorizable photon-pair
states through SPDC (Mosley et al, 2008). Since modal-
confinement is crucial in controlling the group indices of the
modes, we also perform a numerical analysis of the effect of top-
cladding layer and waveguide dimensions on group index. It is
shown that while air-clad higher-index contrast ridge waveguides
offer more diverse control, the silica-clad waveguides can offer
higher robustness to device dimension variations. Finally, we
perform a numerical analysis of the biphoton states which can be
generated in these waveguides through SPDC and provide
quantitative estimates for the heralded single photon purity to
highlight the potential of our tested systems for quantum
technologies.

2 Materials and methods
2.1 Phase-matching function

To study the effect of dispersion engineering on the spectral
features of type-II frequency conversion, we start by describing
the corresponding SPDC process. The biphoton state |y)
generated in SPDC is described in the frequency domain as
vy = “ dwsdwy] (ws, wy)|1)s|1>1, where the joint spectral
amplitude (JSA), J (ws, wj), contains information about
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Schematic of the JSA, J = A, X ¢, of a biphoton state. (A) Gaussian pump spectral amplitude, A, (B) PMF, ¢, of a type-Il frequency conversion
process. The blue solid line, referred to as the PMC, is oriented at an angle of 6 with the ws-axis (represented schematically by the horizontal red
dashed line) and represents the maximum of PMF. (C) Resulting JSA of the signal-idler pair

spectral entanglement between the signal-idler pair produced
from the pump photon (Grice et al., 2001). The JSA can be shown
to be J (ws, wy) oc A, (wp = ws + wy) X $(ws, wy) with A, (wp) being
the pump photon spectral amplitude and ¢(ws, w;) being the
phase matching function (PMF). If the factorizability condition
on the group indices of the photonic modes is fulfilled, the shape
of the resulting PMF enables the generation of a spectrally
factorizable state with J (ws, w;) = u (ws) X v (wy).

The PMF for a quasi-phase-matched (QPM) type-II
frequency conversion process depends on the phase-mismatch
vector AK and length L of the waveguide, and is given by ¢ = sinc
(AKL/2) x exp (-iAKL/2), where AK (ws, wy) = K5(ws) + K'(wy) —
KP(wp) + (2m/A). Here, K=" are the wave vectors of the
QPM-assisted
frequency conversion the nonlinearity of the waveguide is

respective modes of the waveguide. For
periodically inverted with a period of A along its length
though a technique called periodic poling. The resulting
nonlinear grating vector (271/A) compensates for the mismatch
of the effective indices of the waveguide modes leading to efficient
frequency conversion. QPM, which is a well established
technique in bulk LN, has recently been adapted to the LNOI
thin-film platform (Wang et al., 2018b; Rao et al., 2019; Younesi
et al,, 2021). This decouples the phase-matching requirement
from the dispersion control such that the geometry of the
waveguide can be used to control the group velocities of the
modes to modify the spectral dependence of the PMF while the
central phase-matching wavelengths can be fixed through the
choice of the QPM period A so that AK = 0.

Since the quantum process of SPDC and its reverse classical
process of SFG share the same PMF, by virtue of the quantum-
classical correspondence principle (Lenzini et al, 2018), the
experimental investigation of the PMF for SPDC is also
possible by studying the corresponding SFG process. This
immensely reduces the experimental effort in probing the
spectral dependence of the PMF. The SFG intensity, Isrg, is
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related to ¢(ws, wy) as Ispg oc|p(ws, wp|* = sinc® (AKL/2).
Vanishing AK maximizes the sinc function and leads to the
largest SFG intensity. Thus AK (ws, wy) = 0 gives the relation
between the signal and idler frequency defining the phase-
matching-curve (PMC) of the SFG and SPDC processes. The
slope of the PMC is related to the group indices as (U'Ren et al.,
2005)

0= tan™ {~(n] —ng)/(n§ - )}, M
thus directly revealing the effect of group-index engineering on the
spectrum of biphoton state generated in SPDC. We depict this
schematically in Figure 1. The pump amplitude A, (wp), shown in
Figure 1A is oriented at a fixed angle of —45" with respect to the ws-
axis due to energy conservation, wp = ws + wr. On the other hand, the
slope of the PMC can be tuned through dispersion control to lie in
the range 0° < 6 < 90° as is required to reach the factorizability
condition. This is shown in Figure 1B by the blue solid line overlaid
on the two-dimensional plot for the PMF ¢(ws, wy). In this case the
slope is around 20°. The resulting JSA J (ws, wy) of the signal-idler
pair is displayed in Figure 1C. It is composed of a central circular-
looking high intensity lobe surrounded by several smaller intensity
lobes along the —45" diagonal.

The factorizability of J (ws, w;) can be optimized for a given
PMF by choosing an appropriate spectral bandwidth of the pump
(Grice et al, 2001). In general, the extent of this optimal
factorizability and consequently, the purity of the heralded
single photon states is larger for the two extreme cases when
the slope of PMC is either 8 = 0° or 6 = 90° compared to other
slopes in the range 0° < 6 < 90° (Jankowski et al., 2021). These

specific cases can be achieved through group index matching,

p p
g g
demonstrate the first case, where the group indices of the

n. = ng + nlg and n’ = nlg + n; respectively. Here, we
pump and signal are nearly matched while that of the idler is

P_ .Sl . 0
smaller, ng =ng>ng, leading to PMC slope of 6 = 0".
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(A) Schematic of the LNOI ridge waveguide in x-cut thin-film

with top width W = 1,275 nm, height H = 600 nm and the base
side-wall angle of 72°. (B) The three fundamental modes of the
waveguide involved in a type-Il SFG process. (C) Variation of
group index with wavelength for TE and TM modes. Group index of
the TM pump mode at the wavelength of 771 nm and that of the
TM signal mode at the wavelength of 1,542 nm are nearly
matched.

2.2 Group-index matching

We consider an x-cut LNOI thin-film geometry as shown in
Figure 2A for design and fabrication of the ridge waveguides. The
waveguide has a fixed height of H = 600 nm and is cladded from
the top with a thick silica layer. We ought to point out here that
this particular choice of fixed height for the fabrication of
waveguides was primarily due to issues related to the
of LNOI
thicknesses. The top width of the waveguide shown in
Figure 2A is W = 1,275 nm. The fundamental modes at the
three wavelengths involved in type-II frequency mixing are

unavailability commercial wafers in other

shown in Figure 2B. To phase match the process we used a
QPM period of A = 3 um which results in phase matching of the
signal and idler waves at the central wavelength of Ag = A; =
1,542 nm to generate the pump at half of their wavelength
through the SFG process. The length of the waveguide is
L =4mm.

Figure 2C shows the dependence of the group index n, of TE
and TM modes of the waveguide on the wavelength. The green
curve belongs to the TM mode on which we have marked the
position of signal and pump by green cross and circle
respectively. The corresponding group index nIg of the idler is
highlighted on the red curve belonging to the TE mode by a red
cross. We note that the green curve shows an interesting
behaviour, such that it first decreases with wavelength till
about A = 1um and then shows an increase. As a result ng
and ng can be matched. Such dependence of group index on
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wavelength can be understood by noting that n, is given by
ny(A) =n(}) —/\d%"), where n(A) is the effective index of the
mode. Due to the weaker modal confinement with increasing

wavelength, the effective index of modes of the LNOI ridge
waveguides decreases appreciably with increasing wavelength.
This confinement-induced dispersion can be substantial for
waveguides of sub-micrometer dimensions and thus, the
—A% contribution to ng can be significant and enough to
compensate for the decrease in the effective index n(A) with
increasing wavelength. This explains the non-monotonic
behaviour of the group index n, for the TM mode shown in
Figure 2C. For shorter wavelengths till about A = 1 um, the
—l% contribution is small and thus n, decreases with
the

becomes large the confinement-induced dispersion term grows

increasing wavelength. However, when wavelength
in magnitude and this leads to an increasing n, with increasing
wavelength in the range of about A = 1 ym to A = 1.6 um. Further
increasing the wavelength again leads to a reduced n, because the
mode of the waveguide is predominantly residing in the cladding
which strongly reduces the magnitude of I%L It can be noted
from Figure 2C that n, for the TE mode does not increase like the
TM mode for the wavelengths larger than A = 1 ym. In fact it only
shows a very small change with increasing wavelength. The
reason for this difference again lies in the transverse
confinement of the modes in the waveguide. Since the height
of the considered waveguide is smaller than its width, the
magnitude of the —/\% term for the TM mode is larger
compared to that for the TE mode. As a consequence
although the group index n, for the TM mode increases with
increasing wavelength in the intermediate wavelength range of A
= 1um to A = 1.6 um, the n, for the TE mode remains nearly
constant since its —A % term contribution is only large enough
to compensate for the decrease in the effective index n(1) with
increasing wavelength. For the design presented here, we
calculate the group indices of pump and signal to be ng =
2.447 and n; = 2.437, while nlg = 2.281 is significantly smaller.
Using these values we estimate the slope of the PMC using Eq. (1)
to be 0=-3.45". As we discuss later, although the resulting slope 6
is quite small in this design, a perfect group-index matching 6 = 0
is also possible for waveguides of height H = 700 nm in the
considered silica-clad waveguide configuration.

We now look at the influence of the waveguide dimensions
on the group indices with an aim to investigate the tunability of
the PMC slope. We consider waveguides with silica and air top
cladding since the index-contrast between the core and
surroundings is significantly different in these cases, which
affects their dispersion properties. In Figure 3A we show the
variation of the slope 6 with the top width of the waveguide for
the fixed height of H = 600 nm. Here, by choosing appropriate
poling periods A, the central signal and idler phase-matching
wavelength for all the waveguides is kept equal to 1,542 nm for
calculating and comparing the PMC slopes. The blue solid curve
represents the silica-clad case where the minimal slope of 6 = — 3°
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Slope 6 of PMC for type-Il degenerate-frequency SFG with the fundamental wavelength of 1,542 nm. (A) Variation of the slope with waveguide
width W for a fixed height H for the silica cladding (blue solid curve) and air cladding (black dotted curve) cases. The red square denotes the
waveguide of width W = 1,275 nm. (B)—(C) Dependence of PMC slope on height and width of waveguide for silica and air cladding designs
respectively. The blue dashed line in (B) indicates the silica-clad waveguides of constant height H = 600 nm.

is attained for a waveguide width of W = 950 nm. The red square
on this curve represent the design we discussed before with a
width of W = 1,275 nm. We note that although W = 1,275 nm is
not the optimal case for the waveguide of fixed height considered
here, the difference between their slopes is quite small. On the
other hand, the air-clad case displayed by the black dotted curve
shows much higher sensitivity to the waveguide width and thus
allows wider tunability of the slope. Remarkably, 8 in the air-clad
case is positive and has a larger magnitude meaning that nZ is
substantially greater than ng in contrast to the silica cladding
case. The contour plots in Figures 3B,C show the dependence of
the slope on the height and width of the waveguide for silica and
air-clad cases respectively. In the case of silica cladding the
attainable slope is either negative or can be zero, whereas with
the air cladding the waveguides allow more broader control over
the group indices such that one can achieve negative, zero or even
positive PMC slopes by choosing appropriate dimensions for the
waveguide. Comparing these two cladding cases also shows that
the silica-clad design can offer a more robust way for group index
matching with 6 = 0, since there exists a globally optimal
waveguide design with dimensions W = 775nm and H =
700 nm. In this case, sensitivity to variations in the device
dimensions or the wavelength of operation is quite low
the
waveguide design can be beneficial for realizing complex

compared to the air-clad case. Hence, silica-clad
optical circuits that integrate sources of classical or quantum
states of light with the electro-optic modulators (Wang et al.,

2018a; Wang et al,, 2018c) on the same chip.

2.3 SFG experiments

We experimentally confirm group-index matching by
This
waveguides having widths W in the range 1,275 nm-1,380 nm

performing SFG experiments. is done for four
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and the same height H = 600 nm. They have silica cladding on the
top. Since their QPM period was the same, A = 3 pm, their central
signal-idler phase-matching wavelengths are different.

For SFG experiments we combine two independent
fiber-based
polarization beam combiner and couple them simultaneously

continuous-wave  tunable lasers using a
into the waveguide with the help of a lensed tip single mode fiber.
Their polarization state is controlled individually on the input
side using two fiber-based polarization controllers so that one of
them excites the fundamental TM mode (signal) while the other
excites the TE mode (idler) of the waveguide. The waveguide chip
and the lensed fiber are placed on 3-axis translation stages to
optimize the coupling. On the output side, a broadband
collecting objective was placed to collect the signal and idler
beams and the sum-frequency radiation (pump). The lower
wavelength SFG beam is then separated from the higher
wavelength fundamental beams using a longpass dichroic
beamsplitter whose pass edge is around 1 um. Finally, the
signal and idler beams, which are in orthogonal polarization,
are separated using a polarization beamsplitter and the power of
the three beams is measured using appropriate power meters.

3 Results and discussions

3.1 Experimental validation of dispersion
engineering and near group-index
matching

We present the result of such a measurement for the
waveguide of width W = 1,275 nm as a two-dimensional plot
in Figure 4A. This is obtained by sweeping the wavelength of the
lasers from 1,490 nm to 1,610 nm. The normalized SFG intensity
essentially represents the PMF ¢(As, A;) such that its maximum
maps out the PMC of the SFG process. We can see that the SFG
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(A) Normalized SFG intensity from the waveguide of width W = 1,275 nm for varying signal and idler wavelengths. The solid blue curve is the
theoretical PMC and 6 denotes its slope. (B) Central phase-matching wavelength for SFG (blue curve) and the corresponding slope of the PMC (red
curve) for waveguides of different widths. All waveguides were fabricated with a constant QPM period of A = 3 um and the calculations are
performed for different waveguide widths with this constant poling period for comparison.

intensity produces a band which is oriented nearly flat along the
horizontal direction parallel to the signal frequency axis. This
clearly shows that the signal and pump are nearly group index
matched. The solid blue curve overlaid on the SFG plot is the
numerically calculated PMC while the dashed red line is a
horizontal line parallel to the wg axis. The numerically
of the PMC is
approximately equal to 6 = — 3°, as is shown in the figure.

calculated  slope quite small, being

To obtain the value of the slope 6 from experiments, we first
determine the experimental PMC. This is extracted from the SFG
experimental data by determining the idler wavelength which
maximizes the SFG intensity for each signal wavelength. Then a
linear function is fitted to the experimental PMC to get its slope 6.
For the experimental PMF shown in Figure 4A the slope
determined in this manner is found to be 6 = —2.5° which is
in good agreement with numerical calculations. Further, we
SEG three

waveguides of larger widths to acquire their experimental

performed  similar experiments for other
PMCs, which we then used to calculate the corresponding slopes.

In Figure 4B we show the result of such analysis for all the
four waveguides investigated experimentally in this work. The
solid blue curve in the figure shows the central signal-idler phase-
matching wavelengths for SFG, defined as the signal-idler
wavelength Ag = A; which results in phase matching AK = 0,
for waveguides of different widths. Since the QPM period is the
same, A = 3 um, for all the fabricated waveguides, their central
The

correspond to the different waveguides studied experimentally.

phase-matching wavelengths varies. black triangles
The theoretical slope of their PMC is also shown in the figure by
the solid red curve. The black circles on this curve denote the
experimentally observed slopes 0 obtained from the SFG

measurements as described before. We see, that with an
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increase in waveguide width the slope of the PMC grows in
magnitude. However, its variation is small such that increasing
the width from W = 1,275 nm-1,380 nm changes 6 from about
-3 to —8°. Notably, the central phase-matching wavelength
changes appreciably from around 1,540 nm-1,460 nm with
increasing waveguide width. Such dispersion characteristics

allow the central wavelength of nonlinear frequency
conversion to be easily tuned while still approximately
maintaining the  group-index matching through an

appropriate waveguide design.

We point out that the experimental SFG intensity shown in
Figure 4A differs from the well-known sinc” shape of the PMF.
This is due to the presence of loss. We ascertain the magnitude of
these losses for signal and idler by performing Fabry-Perot
interference measurement (Hu et al., 2009). From the visibility
of fringes in transmission of spectral intensity, we estimate these
to be 20 dB/cm and 26 dB/cm, for idler and signal respectively.
The main source of the losses is the roughness on the side-walls
of the waveguides. By improving the etching parameters this can
be minimized in future versions of the device as would be
necessary for quantum applications. Lossy guiding modes of
the waveguide also affect the conversion efficiency of SFG. The
normalized conversion efficiency, which is defined as
7 = Pp/ (PsP1L?), is estimated to be about 560% W~'cm™ if
the waveguides were lossless. Here, Ppg; are the respective
powers of the three modes. The value of the conversion
efficiency # given here is much larger than unity since it is
normalized by the square of the length L* of the waveguide. Using
this normalized efficiency we can also calculate the absolute
conversion efficiency, Pp/(PsP;), for the SFG process. For the
waveguide of length L = 4 mm, taking the signal and idler powers
to be 1 mW respectively, results in a pump power of Pp = 0.9 yW.
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Thus, for the nanophotonic ridge waveguide considered here the
absolute conversion efficiency is Pp/(PsPr) = 0.9 W™'. When
compared with the type-II SFG in low-index contrast LN
waveguides, this is more than an order of magnitude larger
(Chung et al, 2020). On the other hand, for similar
nanophotonic LN ridge waveguides designed for type-0 second
harmonic generation, the conversion efficiencies are about
10 times larger than that calculated here for the type-II SFG
(Wang et al., 2018b; Rao et al., 2019). This is primarily due to the
larger magnitude of the ds; nonlinear element of LN employed in
type-0 processes compared to the ds; element used in this work
for realizing type-II SFG. The experimentally observed efficiency,
however, is only 4% W'cm™. The theoretically estimated 7
assuming a lossless waveguide agrees with the observed efficiency
when we take into account the optical losses of the modes, their
individual collection efficiencies and limited transmission
through the collecting objective.

3.2 Estimated purity of the heralded single
photon state

We have, so far, demonstrated a near-zero slope 6 of the PMC
and its tunability with the dimensions of the waveguide through
SEG experiments. We now consider the corresponding SPDC
process and provide an analysis of the effect of this slope on the
purity of the heralded single photon states by investigating the
JSA of the resulting biphoton state in these dispersion-engineered
waveguides.

The degree of spectral entanglement between signal and idler
photons can be quantified by performing a Schmidt
decomposition of the JSA J (ws, wy) into a set of orthogonal
basis functions u, (ws) and v, (w;) such that J(ws,wr) =
S VAt (ws)v, (@1) (URen et al., 2005; Mosley et al., 2008;
Grice et al,, 2001). The distribution of Schmidt eigenvalues A,
over the various joint spectral modes # in the decomposition is
responsible for the spectral entanglement. To get a pure heralded
single photon state by detecting its partner photon the joint-state
should ideally be composed of just a single joint spectral mode.
Such a state is completely factorizable and thus, has zero
entanglement. Alternatively, the purity of the heralded single
photon state given by Y A2 =1 is maximum in this case. In
general, JSA J (ws, wy), with lower spectral entanglement results in
a higher purity value for the heralded single photon state which is
desirable for single photon sources.

In Figure 5A we show the numerically calculated joint
spectral intensity |J (ws, wp)|* for the waveguide with height
H = 600 nm and width W = 1,275 nm. The slope of the PMC for
this waveguide is 6 = —3.45" and the resulting JSA for a pump
pulse with spectral width of A1, = 6 nm resembles an ellipse. The
purity of the heralded single photon state for this JSA is
calculated to be 0.79. We note that the particular value of AA,
chosen for this case provides the maximum purity for the given
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angle 0 and length L = 4 mm of the waveguide (Grice et al., 2001).
This is shown explicitly in Figure 5D by the red solid curve which
shows the dependence of purity on pump spectral width for this
waveguide. It can be seen that purity value reaches a maximum
for the chosen pump width Al,. We note that the maximum
purity attainable is limited due to the small negative nonzero
slope 0 of the PMC in this case. By using the most optimal
waveguide dimension of height H = 700 nm and width W =
775 nm, we have shown that the slope can be made equal to zero
and thus, the purity can be further improved. We show the
corresponding |J (ws, wy)|* for this case in Figure 5B for a typical
pump width of Al, = 10 nm. The major axis of the elliptical-
looking joint spectral intensity in this case is oriented
horizontally and thus, a higher purity value of 0.94 is attained.
Interestingly, it is possible to further increase the purity in this
case by increasing the pump spectral width. This is depicted by
the blue solid curve in Figure 5D, which shows that by increasing
AM, beyond 10 nm, the purity can be improved. It should be
noted that although we have restricted the purity plot in Figures
5A-D to a maximum pump spectral width of 15 nm, this is not
the pump bandwidth that maximizes the purity for the case of
exact group-index matching. In fact, increasing A, beyond
15 nm would lead to increased purity as long as the difference
between the group indices of the pump and the signal does not
become large enough such that the slope of the PMC becomes
nonzero. This is because exact group-index matching is strictly
true only at the central phase matching wavelengths. With
increasing A\, the signal photon bandwidth increases and at
some point the group-index mismatch between signal and pump
becomes significant such that the elliptical |J (ws, wy)|* shown in
Figure 5B no longer remains oriented completely horizontally.
This in turn limits the maximum purity of the heralded signal
photons.

We should highlight that the two cases we considered in
Figures 5A,B are for waveguides with a cladding layer of silica. As
we have shown in Figure 3B such a design can fulfill group-index
matching but can not provide a positive PMC slope 6. In contrast,
for the air-cladded case, shown in Figures 3A,C positive slope 8
can be realized. We now consider such a air-cladded waveguide
with the height of H = 700 nm and width W = 650 nm for which
the slope is 6 = 45°. Its joint spectral intensity is shown in
Figure 5C for a pump width of AA, = 3 nm. Unlike the two
cases discussed for the silica-clad design, the central lobe of the
JSA is circular in this case. Its purity, which is maximised for the
chosen pump width, is estimated to be 0.81. Also the dependence
of purity on pump width, shown by the green solid curve in
Figure 5D, shows a stronger variation with changing AA,
compared to the other two cases.

It is evident that, in general, group-index matching 6 = 0° can
lead to higher purity for the heralded single photon state. By
suppressing the smaller side lobes of the JSA which arise from
sinc” shape of the PMF, the purity can be further increased. This
can be achieved by employing appropriately apodized QPM

frontiersin.org


https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2022.951949

Kumar et al.

§=-3.45°,A\, =6nm 0 =0, A\, =10 nm

purity = 0.79 purity = 0.94

Idler Wavelength [pm]

1.52

1.54 1.56

1.52
Signal Wavelength [pm]

1.54 1.56

FIGURE 5

Cc

10.3389/fphot.2022.951949

0 = +45°, A\, = 3 nm

1 1

purity = 0.81 D /‘-———_

08 \
206

. 5
204
— ) = —3.45°
0.2 0=0°
0 = 4+45°
1.52 1.54 1.56 ¢ 0 5 10 15
Pump Width, A)\p [nm]

Joint spectral intensity resulting from phase matching functions whose slope is (A) 6 = —=3.45° (waveguide height H = 600 nm, width W =
1,275 nm with silica cladding), (B) = 0 (H = 700 nm, W = 775 nm with silica cladding) and (C) 6 = +45° (H = 700 nm, W = 650 nm with air cladding). (D)
The dependence of heralded single photon purity on the spectral bandwidth of the pump for the three PMC slopes 6.

poling pattern to realize a Gaussian-shaped PMF instead of the
usual sinc-shaped one (Jankowski et al., 2021). In the resulting
JSA, the sides lobes are largely suppressed in this case and much
higher purity can be achieved for the heralded state. We would
like to point out that during the review process of this work, we
became aware of similar work where factorizable two-photon
states where experimentally demonstrated in LNOI waveguides
(Xin et al., 2022).

4 Conclusion

In conclusion, we have presented the concept of group-index
thin-film LNOI
experimentally demonstrated its application in tuning the

matching for ridge waveguides and
phase-matching curve of a type-II SFG process. This is highly
relevant for the generation of factorizable biphoton states to
realize heralded sources of spectrally pure single photons. We
show that the waveguide dimensions together with the choice of
the top cladding layer determine the extent of control over the
group indices of waveguide modes. In particular, we find a
waveguide geometry that is optimal for group-index matching
and shows high robustness to variations in waveguide
dimensions. Finally, we theoretically analyse photon-pair
generation through SPDC in the group-index engineered
waveguides and provide estimates for the purity of the
heralded single photon states to highlight its application in

quantum technologies.
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