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We propose silicon nitride (Si3N4) nanowaveguide-based CMOS-compatible integrated sources of spec-
trally pure visible-telecom photon pairs. Our designs are intrinsically devoid of spectral correlations,
eradicating the need for narrow-band filtering that reduces the source brightness. Further, the signal pho-
tons lie in the visible—near-infrared (vis-NIR) band, which can provide increased heralding efficiency
of the idler photon in the telecom band using high-efficiency single-photon detectors. For example, a
rectangular-cross-section silica-clad Si;N4 nanowaveguide with dimensions 680 nm x 840 nm and length
7 cm provides a heralded single-photon purity of approximately 91% for a pump wavelength of 956.8 nm
and a pump bandwidth of 1200 GHz, with the signal and idler lying in the visible and telecom bands at
approximately 701 nm and approximately 1505 nm, respectively, demonstrating a peak spectral brightness
of approximately 1.2 x 10* photon pairs/s/nm/mW? for a linear propagation loss of 0.5 dB/cm. The effect
of propagation losses on the purity is also studied for such source designs. We also propose some designs
capable of generating high-purity photon pairs to address various specific vis-NIR quantum memory tran-
sitions with telecom-band interfacing for long-distance hybrid quantum networks. Such compact on-chip
sources could have potential applications in various quantum technologies, such as sensing, simulation,

computing, communication, and networking.

DOI: 10.1103/PhysRevApplied.22.014070

I. INTRODUCTION

Applications involving multiport quantum interferome-
ters [1,2], such as sensing [3—5], simulation [6], comput-
ing [7,8], and repeaters [9,10], require the participating
individual photons to be in spectrally pure states. The
“mixedness” in the state of individual photons created
by strong frequency correlations between photon pairs,
typically generated either via x ®-based spontaneous para-
metric down-conversion (SPDC) [11,12] or via x®-based
spontaneous four-wave mixing (SFWM) [13,14], deterio-
rates the interference visibility, making them unfit for such
quantum technology applications [15]. The traditionally
employed solution to get rid of such frequency corre-
lations involves narrow-band spectral filtering, resulting
in a significant reduction of the output photon flux [16].
To overcome this limitation, intrinsically spectrally pure
photon-pair sources at telecom using silicon-on-insulator
(SOI) nanowaveguides [17], at NIR using periodically
poled potassium titanyl phosphate (PPKTP) waveguides
[18], and at visible-telecom using photonic crystal fibers
[19] have been proposed or demonstrated by employing
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the technique of group-velocity matching (GVM) [15].
Recently, a CMOS-compatible on-chip source emitting
spectrally pure visible-telecom photon pairs through a
Si3;N4 microring resonator has also been demonstrated
[20]. This source offers discontinuous spectral tunability
because of the azimuthal phase-matching condition (mode-
number matching), via the input pump wavelength, the
device geometry (requiring a good resolution in lithogra-
phy), and the temperature (requiring additional experimen-
tal overheads). However, a CMOS-compatible source of
intrinsically spectrally pure visible-telecom photon pairs
offering continuous spectral tunability via the input pump
wavelength has not yet been explored. Our proposed
source provides this feature and is also tolerant toward
fabrication inaccuracies. Such a source will have potential
applications in efficiently generating heralded single pho-
tons at telecom wavelengths in a spectrally pure state as
well as in addressing various vis-NIR quantum memories
and linking them with telecom-band photons for long-
distance hybrid (free-space plus fiber-optic) quantum net-
works. For applications involving heralded single photons,
the quantum efficiency of heralding detectors is critical.
The efficiency of room-temperature semiconductor-based
single-photon detectors available at telecom wavelengths
is low (approximately 20—-30%) in comparison to those
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available at visible-NIR wavelengths (approximately
70-80%). Our integrated source designs are capable of
generating signal photons in the visible-NIR band and idler
photons in the telecom band, thus enabling the efficient
generation of heralded single photons in the telecom band
that can be transmitted over long distances via low-loss
optical fibers.

Photon quantum memory is crucial for various quantum
technology applications, including communication, com-
puting, networking, and repeaters [21]. Different types of
quantum memories have been demonstrated [22], such as
those based on electromagnetically induced transparency
(EIT) using rubidium (Rb) atoms (operating at 780 and
795 nm) or cesium (Cs) atoms (operating at 852 and 895
nm) [23], Raman quantum memories [24] using diamond
(operating at 723 nm) [25], using rare-earth- (RE) doped
crystals [26] with operating wavelengths corresponding
to the RE elements, e.g., 793 nm for thulium, 880 nm
for neodymium, and 1532 nm for erbium, and trapped-
ion based quantum memories using *°Ca ions at 854 nm
[27-29]. The proposed designs are capable of generating
high-spectral-purity photon pairs with one photon at the
quantum memory transition and the other in the telecom
band.

Silicon nitride is a third-order nonlinear material with
a wide transparency window (approximately 0.4—3 jum)
[30], low linear propagation losses (typically <1 dB/cm),
negligible nonlinear losses such as two-photon absorption
(TPA) and free-carrier absorption (FCA) [31], and a low
thermo-optic coefficient (2.45 x 10> K~!) [32], making it
a good choice for designing high-performance integrated
quantum light sources. Si3sN4 has a considerable Kerr
nonlinearity, with nonlinear index coefficient 73 sj;n, ~
2.6 x 107" m? /W [30], and provides sufficient refractive-
index contrast between core (nsj;n, ~ 2) and cladding
(nsio, ~ 1.4) to allow significant dispersion engineering
for nonlinear photonics applications based on SFWM [33].

II. THEORY

Degenerate-pump  spontaneous four-wave mixing
(SFWM) is a third-order nonlinear process that gener-
ates two daughter photons called the signal and the idler
at the frequency w; and w;, respectively, by annihilat-
ing two pump photons at frequency w, while conserving
energy, 2w, = wy + w; [34]. The phase mismatch for the
degenerate-pump SFWM process (neglecting the nonlin-
ear contribution for low input pump powers) is given by
[35]

AIB = 2,Bwp - ﬂws - IBw,-a (1)
where B,,, Bu,, and B, are the propagation constants
at the pump, signal, and idler frequencies, respectively.
The propagation constant g, at a frequency w,, is given

by B(wy) = w, ne(wy)/c, where neg(wy) is the effective
mode index at frequency w,. We are interested in discrete-
band phase matching of signal and idler bands in order
to satisfy the group-velocity-matching (GVM) condition
required for spectral purity [17]. For a pulsed pump,
Taylor expanding Eq. (1) around the central frequencies of
pump (w,,) and signal-idler (ws,/w;,) bands [15], the phase
mismatch will become

AB=ABY + (BY) — BL)) Ao+ (BS) — BL) Aw;

Wpo Wpo
2 2 3 3
+ Oll(ﬁé)p)o,wm,wio, Awy;) + Olll(ﬁé)p)”,wso,wio, Awg))
4 4 5 5
F OB s AOL) + OV(BS) s DY),
(2)

where A =28, — B, — Bu, is the zeroth-order
phase mismatch, which will become zero for the phase-
matched discrete bands. ﬂéﬁl is the nth-order dispersion
at frequency w,,, given by ) = (d" /dw")iww (B
is the inverse group velocity at frequency wy,), Aws; =
Ws,i — Wsojio 15 the frequency detuning from the central fre-
quencies of the signal-idler discrete band, O, (ﬂé)"xl, Awf;)
is the nth-order phase-mismatch term obtained from Taylor
expansion of Eq. (1), which is a function of nth-order dis-
persion at the pump, signal, and idler central frequencies as
well as the nth power of the signal and idler detunings, and
the second and third terms in Eq. (2) represent first-order
phase mismatch.

The wave function of an output two-photon state in
a nonlinear parametric process, neglecting higher-order
terms in the perturbative expansion [17], can be written
as

(@) = K / do, / doosF (@5, )} (0)a! (@p)vac),
3)

where K is a constant that depends on the input pump
power P,, the length of the waveguide L, and the effec-

tive nonlinearity y . The operators &l (wy) and &ZT (w;) are the
creation operators for the signal and idler modes, respec-
tively, operating on the vacuum state |vac). F(ws, ;) is the
joint spectral amplitude (JSA), which specifies the signal-
idler frequency correlations and is given by the product
of the pump-envelope function (PEF) and the phase-
matching function (PMF) [36]. The PEF, a(w;s, w;), for the
degenerate-pump configuration with a pump bandwidth
0, is expressed as [17]

—(Awy + Awi)z

a((,()s,(,()l‘) = eXp 20_2
)4

(4)
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and the PMF, ¢ (w;, w;), is given by

& (s, 1) = sinc (%) oxp (z‘AfL ) T

where L is the waveguide length. A factorizable JSA, i.e.,
F(ws, w;) = Fs(ws)Fi(w;), implies that the source lacks
spectral correlations between the generated signal and idler
photons [17]. The PEF is a straight line that lies in the
ws-w; plane with a slope of —45°, with its width being pro-
portional to the pump bandwidth o,,. The PMF is a function
of the phase mismatch AS, given by Eq. (2), which in the
first-order approximation also becomes a straight line, with
a slope 6;; given by

1 _ ﬂ(l)

o -1 wp Wy
fsi = —tan —,3(1) —m |- (6)

wp wj

We use the approximation sinc(x/2) ~ exp(—rx?) with
r = 0.048 in Eq. (5), which leads to the following condi-
tion for the factorizability of joint spectral intensity (JSI =
[ISA|?) [15,37]:

1
— = —rT, (7)
202

P

where 7,/; = (,BC(UL) - ﬂé)i)/wl_)L is the temporal lag between
the pump and signal-idler photons at the output. It is clear
from Eq. (7) that the source is devoid of correlations when
7, and t; have opposite signs, i.e., the group velocity of
the pump lies in between the group velocities of the signal
and the idler. This condition of group-velocity matching in
terms of the PMF angle 6 [see Eq. (6)] demands that it
should lie in the first quadrant, i.e., 0° < 65 < 90°. With
Osi = 0° and 90° (when the signal or idler group velocity is
equal to the group velocity of the pump), the spectral corre-
lations between the generated photons become a minimum
and this condition is called asymmetric group-velocity
matching (ASGVM). For 64 = 45°, the group velocities
of the signal and idler become equal and this condition is
called symmetric group-velocity matching (SGVM). The
heralded single-photon purity can be calculated numeri-
cally by the singular-value decomposition of the JSA and
is defined as the inverse of the Schmidt mode number K
[38], given by

1
%

K =

) )

See

where the \/E s are the eigenvalues of the Schmidt decom-
position of the JSA, i.e., F(wy, ) = Z;/Aifs; (@y)fij ().
The joint spectral intensity (JSI) given by |F(ws, w;)|?> can
be determined experimentally and can also be used to esti-
mate the purity of the heralded single-photon state [39].

Although both the JSI and +/JSI lack the phase informa-
tion, the latter, being close to the JSA, provides a better
estimate of the actual spectral purity.

The flux of generated signal-idler photons €2, (photon
pairs/s/Hz) or spectral brightness in the SFWM process
[33,40] can be given by

2

: )

9, = (vP L)2e_“L | — o~ (@+HABL
v r (a +iAB)L

where y is the effective nonlinearity, « is the linear propa-
gation loss, and P, is the input pump power.

I11. DISPERSION ENGINEERING

For the present study, we consider simple silica-clad
Si3N4 waveguides with rectangular cross sections (see the
inset in Fig. 1). These designs are optimized consider-
ing the phase matching for the fundamental TE mode,
which is well confined with a mode area of approxi-
mately 0.3-0.9 wm? for the wavelengths of our interest,
approximately 700—1730 nm. As per our objective, the
discrete-band phase matching used to satisfy the required
GVM condition for spectral purity should have one dis-
crete band (the signal) at the visible-NIR wavelengths,
while the other lies (the idler) in the telecom band. The
phase mismatch for a waveguide width w = 840 nm, for
three different heights 4, is shown in Fig. 1 for 956.8-nm
pump wavelength. The waveguide corresponding to a
height # = 610 nm does not show any discrete bands. As
the height increases to 680 nm, discrete bands start appear-
ing in the visible and telecom regions at approximately
701 nm and approximately 1500 nm, respectively. With
a further increase in height, the idler band shifts toward
longer wavelengths and eventually leaves the telecom band
of our interest. As a result, the optimum design that we

400

200

0+

AB (m™1)

—-200

-400
600

900 1200 1500 1800

A (nm)

FIG. 1. The phase mismatch versus the signal-idler wave-
length for three different waveguide heights 4, shown in legend
(in nanometers), corresponding to width w = 840 nm at an input
pump wavelength of 956.8 nm. The inset shows the cross-section
view of the silica-clad SizN4 waveguide.
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FIG. 2. The variation of the central wavelengths (correspond-
ing to AB = 0) of the signal (A, left axis in red) and idler (i,
right axis in blue) discrete bands with the input pump wavelength
A, for three different waveguide widths mentioned in the legend
(in nanometers), each for a waveguide height of # = 680 nm.

arrive at for generating the visible-telecom photon pairs is
h x w=680nm x 840 nm.

In Fig. 2, we show the shift in the central wavelength
of the signal-idler discrete bands with a change in input
pump wavelength A, for three different waveguide widths
(830, 840, and 850 nm) and a height of 680 nm, showing
the tunability of the source. The wavelengths of the gen-
erated signal or idler photons for these three widths differ
very slightly, showing the tolerance of our design toward
changes in waveguide width due to fabrication errors. The
pump-wavelength range that satisfies the GVM condition
required for spectral purity, i.e., 0° < 64 < 90°, is approxi-
mately 957—1091 nm for the waveguide width 840 nm with
0s; being a maximum at approximately 957 nm and zero
at approximately 1091 nm (see Fig. 3) (correspondingly,
the signal and idler ranges are approximately 701—-797 nm
and approximately 1506—1729 nm, respectively). As is evi-
dent from Fig. 3, the variation in the PMF angle 6 with
the waveguide width is very small, which again shows the
tolerance of our design toward fabrication errors in the
waveguide width.

IV. SOURCE OPTIMIZATION

The spectral brightness given by Eq. (9) has been
explored as a function of the waveguide length L, consider-
ing an exact phase-matching condition (Ag = 0). For the
h x w= 680 nm x 840 nm design, the spectral brightness
calculated for two different linear propagation losses, @ =
0.5 and 2 dB/cm at an input pump power P, = 100 mW,
with an effective nonlinearity y ~ 3 m~! W~!, and effec-
tive mode area of approximately 0.57 pwm?, is shown
in Fig. 4. For a typical loss of 0.5 dB/cm, the spectral
brightness saturates for a waveguide length L ~ 7 cm and
decreases further with an increase in waveguide length due
to propagation losses, as illustrated by the red curve (o = 2

90
45+
8 i,
a \\\\
o OF e e e e e T e e
Z
—-451
...... w = 830
w = 840
—-— w = 850
_90- T T T T
925 975 1025 1075 1125
Ap (nm)

FIG. 3. The PMF angle 6, versus the input pump wavelength
A, for three different waveguide widths (mentioned in the legend
in nanometers) and a height of 680 nm. For width w = 840 nm,
the transition from negative to positive 65 happens at the pump
wavelength of 956.8 nm, where 6;; reaches a maximum value of
approximately 89.9°.

dB/cm) for the range of waveguide lengths in Fig. 4.
Also, it is evident from Fig. 4 that the spectral brightness
decreases with an increase in propagation losses. Since
the photon purity also depends on the waveguide length
L (explored next), accordingly, we can also choose slightly
different waveguide lengths to facilitate high-purity photon
generation by compromising spectral brightness.

As the PMF and PEF depend on the waveguide length
L [Eq. (5)] and the input pump bandwidth o, [Eq. (4)],
respectively, we can tune these two parameters to maxi-
mize the purity (derived from the JSA) at a particular pump
wavelength A, (which determines the PMF angle 6). In
Fig. 5, we show the purity of the photon pairs for the 4 x
w = 680 nm x 840 nm design, as a function of the pump

~ 105;
N
§:1:
59
= ~ 104.
oL
a8
- 3]
E 510
£g
0 c a = 0.5 dB/cm
‘%3' 102 —— a=2.0dB/cm
2 4 6 8 10
L (cm)

FIG. 4. The spectral brightness versus the waveguide length
L for the 680 nm x 840 nm design while pumping at 956.8 nm
for two different linear propagation losses (mentioned in the
legend) at an input pump power P, = 100 mW, with an effec-
tive nonlinearity y ~ 3 m~! W~! and an effective mode area of
approximately 0.57 pm?.
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FIG. 5. The purity as a function of the pump bandwidth o,
and the waveguide length L for the 680 nm x 840 nm design
at (a) 65 = 90°, corresponding to input pump wavelength A, =
956.8 nm, (b) 65 = 45°, corresponding to input pump wave-
length A, = 987.55 nm, and (c) 65; = 0°, corresponding to input
pump wavelength A, = 1091.2 nm.

bandwidth o, and the waveguide length L for three differ-
ent PMF angles, 90° and 0° corresponding to ASGVM in
Figs. 5(a) and 5(c), and 45° corresponding to SGVM in
Fig. 5(b). The wavelength of the generated signal and idler
photons at 65; = 90° (ASGVM) is 701.3 nm and 1505.2 nm,
respectively, corresponding to an input pump wavelength
of 956.8 nm (see Figs. 2 and 3). For 64 = 45° (SGVM),
the signal and idler photon wavelengths are 710.7 nm and
1617.6 nm, respectively, at the input pump wavelength of
987.55 nm, and for 65 = 0° (ASGVM), the respective sig-
nal and idler wavelengths are 797 nm and 1729.7 nm at the
input pump wavelength of 1091.2 nm.

For 65 = 90° [Fig. 5(a)], the purity is high (Z90%),
for waveguide lengths of approximately 5.5-10 cm, with
the corresponding optimum pump bandwidths being o, ~
650—1450 GHz. The required pump bandwidth for max-
imum purity decreases slightly with an increase in the
waveguide length L [as expected from Eq. (7)]. For L =7

cm, the maximum purity is approximately 91%, corre-
sponding to o, = 1200 GHz (at input pump wavelength
Ap = 956.8 nm). For the SGVM case of 65 = 45° shown
in Fig. 5(b), the region of maximum purity is narrower
and shifted toward smaller pump bandwidths. For L = 7
cm, a maximum purity of approximately 80% is achieved
with o, =200 GHz (at input pump wavelength A, =
987.55 nm). Finally, for 64 = 0° (ASGVM), shown in
Fig. 5(c), the high-purity region is even broader than that
for 65 = 90° [Fig. 5(a)] with enhanced purity. The maxi-
mum purity is approximately 97%, again for L = 7 cm (the
same waveguide can, in principle, be employed to achieve
SGVM or any of the two ASGVM conditions simply by a
change of pump wavelength) and 0, = 1500 GHz (at input
pump wavelength A, = 1091.2 nm).

In Fig. 6, the PEF, |PMF|, and the corresponding JSI are
shown for the optimum % x w = 680 nm x 840 nm design
with L =7 cm for (i) ASGVM with 64 = 90° and 0°
in Figs. 6(a) and 6(c) respectively, and (ii)) SGVM with
Osi = 45° in Fig. 6(b). For ASGVM, the shape of the JSI
is elliptical, with the major axis lying along the signal or
idler axis corresponding to 6 = 0° or 90°, respectively,
while for SGVM, the JSI is circular.

During the manufacture of photonic integrated circuits,
departures from the targeted dimensions are unavoidable
due to the limitations of the fabrication tools. The thick-
ness of any dielectric layer (e.g., SiO, or SizNy) during
the growth process can be controlled with great accuracy
[41] but, typically, the width of the waveguide can deviate
considerably (>10 nm) from the targeted values during the
lithography and etching processes [42]. In Fig. 7, we show
the tolerance of our design, 2 x w = 680 nm x 840 nm
with L = 7 cm, toward such inaccuracies for the SGVM
case, corresponding to the PMF angle 6y = 45°. If the
waveguide width deviates from the target value of 840
nm, we can accordingly tune the input pump wavelength
A, to again facilitate signal-idler emission with a high
purity of approximately 80%. This property of tolerance
toward width inaccuracies of the proposed design is also
demonstrated for the ASGVM case (not shown) of 65 =
90° and 0°, with a broader range of usable pump band-
widths corresponding to high purity, as is evident from
Fig. 5.

The expected spectral brightness given by Eq. (9) per
unit input pump power squared is also computed for our
h x w = 680 nm x 840 nm design (effective mode area of
approximately 0.57 um?) and L = 7 cm, shown in Fig. 8.
For a typical linear propagation loss of 0.5 dB/cm, the
peak spectral brightness is approximately 1.2 x 10* pho-
ton pairs/s/nm/mW? at the signal wavelength of 701.3
nm [comparable to that of a photonic-crystal-fiber- (PCF)
based source [19], and approximately 10°x birefringent
(PM) optical-fiber-based source [43]] for an input pump
wavelength of 956.8 nm corresponding to the ASGVM
condition (65 = 90°).
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FIG. 6.

The PEF, |PMF]|, and JSI (from left to right) for the 680 nm x 840 nm design with a waveguide length L = 7 cm, corre-

sponding to the PMF angle 6;;: (a) 90° at pump 956.8 nm with a bandwidth o, = 1200 GHz, yielding a purity of 91%, (b) 45° at pump
987.55 nm with a bandwidth o, = 200 GHz, yielding a purity of 80%, and (c) 0° at pump 1091.2 nm with a bandwidth o, = 1500 GHz,

yielding a purity of 97%.

V. EFFECT OF LOSSES ON PURITY

As the photons travel through the SizN4 waveguides,
the losses experienced are mainly due to scattering caused
by sidewall roughness [31,44]. The effect of such scatter-
ing losses on the heralded single-photon purity is explored

Purit
80y

75

FIG. 7. The purity of the generated photon pairs as a function
of the input pump bandwidth o), for the designs with a constant
height # = 680 nm and different waveguide widths w, at the input
pump wavelengths A, corresponding to SGVM, 65 = 45°.

for our designs. The modified JSA F’(wy,w;) represent-
ing biphoton spectral correlations in the presence of losses
[45,46] is given by

ABL E_L)
2 2
ABL _ EL

2

L
-5 5

(10)

Fl(ws, w) = a(wg, ;) X e

where o(ws, w;) is the PEF given by Eq. (4), & = (ayrs +
o — o) /2, o, ap, and o; are the propagation losses
at the pump (w,), signal (ws), and idler (w;) frequen-
cies, respectively, and ry/; = ,3(1) /B¢ (1) is the ratio of group

velocities of the signal-idler and pump photons (,Bé}x) is the
inverse group velocity at frequency w,). For the optimum
680 nm x 840 nm design, the purity as a function of the
propagation losses « (= o, = a, = «;) for three different
PMF angles, 65 = 90°, 45°, and 0°, is shown in Fig. 9,
with a correspondingly exact input pump bandwidth o,, and
waveguide length L, as mentioned for Fig. 6. As is evident
from Fig. 9, the photon purity decreases with an increase in
the propagation loss « and the decrement is a maximum for
05 = 45°, while it is a minimum for 65 = 0°. This can be
attributed to the fact that higher losses lead to a broadened
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FIG. 8. The spectral brightness for the 680 nm x 840 nm
design with a waveguide length L = 7 cm, an effective mode
area of approximately 0.57 wm?, and a linear propagation loss
of 0.5 dB/cm, at the input pump wavelength of 956.8 nm
(corresponding to 65; = 90°). The peak spectral brightness at the
generated signal-photon wavelength of 701.3 nm is 1.2 x 10*
photon pairs/s/nm/mW?.

JSI, resulting in increased frequency correlations between
the generated signal-idler; see Fig. 10, which shows the JSI
for two different losses, « = 0.5 [Figs. 10(a)-10(c)] and
5 dB/em [Figs. 10(d)}-10(f)]. Since there is no consider-
able effect on the purity for typical experimentally reported
losses [31,44] for such designs, we can safely exclude the
losses from the purity calculation. A recent demonstration
of a heralded single-photon source based on silicon at tele-
com wavelengths has also reported a very high purity of
approximately 99% for such loss values [47]. However,

100
~ 90
X
.4? 801
S
&
70
60 . . . . .
1 2 3 4 5
a (dB/cm)

FIG. 9. The purity as a function of the propagation loss
a (=, =a; = q;), for the 680 nm x 840 nm design with a
waveguide length L =7 cm, corresponding to three different
PMF angles (mentioned in the legend), 65 = 90° with input
pump wavelength A, = 956.8 nm and pump bandwidth o, =
1200 GHz, 45° with A, = 987.55 nm and 0, = 200 GHz, and 0°
with 4, = 1091.2 nm and 0, = 1500 GHz. As the loss increases
from zero to 5 dB/cm, the purity drops to approximately 85% for
Osi = 90°, approximately 66% for 65 = 45°, and approximately
94% for 65 = 0°, respectively, from approximately 91%, 80%,
and 97%, respectively.
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FIG. 10. The JSI for the 680 nm x 840 nm design with a
waveguide length L =7 cm for two different linear propaga-
tion losses: (a)~(c) o, ,; = 0.5 dB/cm; (d)~(f) 5 dB/cm. Parts (a)
and (d) correspond to PMF angles 6; = 90° with A, = 956.8 nm
and o, = 1200 GHz, yielding purities of 91% and 85%, respec-
tively; (b) and (e) correspond to 65 = 45° with A, = 987.55 nm,
0, = 200 GHz, yielding purities of 80% and 66%, respectively;
and (c) and (f) correspond to 65 = 0° with A, = 1091.2 nm,

= 1500 GHz, yielding purities of 97% and 94%, respectively.

for higher propagation losses, the consideration of losses
becomes essential. Also, the probability of successfully
heralding a single photon at the output decreases with
increased losses because of the possibility of losing one
photon out of a pair [46].

VI. DISCUSSION

In the preceding sections, we have shown that a sim-
ple Si3N4 nanowaveguide design with a rectangular cross
section of 680 nm x 840 nm is capable of generating spec-
trally uncorrelated photon pairs with high purity (up to
approximately 97%) connecting the visible-NIR and tele-
com bands, the wavelength of emission of which can be
tuned via the input pump wavelength. With a slightly
higher thickness, # = 730 nm, and a smaller width of 810
nm, we can obtain the generated signal and idler photons
at 674.3 nm and 1558.8 nm, respectively, while pumping
with a pump at wavelength of 941.4 nm and a bandwidth
of 1000 GHz, yielding a purity of approximately 92%,
corresponding to a PMF angle of 90°.

Such devices could prove to be advantageous in
several quantum technological applications, such as
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TABLE L.

The optimum designs, 660 nm x 800 nm and 600 nm x 1020 nm, with waveguide length L = 7 cm, capable of generating

high-purity photon pairs for addressing various quantum memory transitions [the respective signal (X,) or idler ();) wavelengths are in

italics] by tuning the input pump wavelength A, and bandwidth o,.

Ap (nm) As (nm) Ai (nm) 0si (°) 0, (GHz) Purity (%)
660 nm x 800 nm

1040.3 780 (Rb D, line) 1561.35 8 400 86
1053 793 (Tm™*3-doped crystal) 1566.65 4 550 89
1054.9 795 (Rb Dy line) 1567.27 3.5 620 90
1009.1 752.32 1532 (Er3-doped crystal) 23 250 81
600 nm x 1020 nm

1103.3 852 (Cs D, line) 1564.86 17 600 82
1105.4 854 (**Ca* ion) 1566.56 15.5 600 83
1130.6 880 (Nd*3-doped crystal) 1580.76 4 1150 89
1143.4 895 (Cs D line) 1582.65 0.2 2000 93

communication, networking, and computing [22,48]. For
example, the majority of the demonstrated quantum mem-
ories, such as those based on EIT in atomic systems or with
RE-ion-doped crystals, operate at vis-NIR wavelengths
and connecting them with telecom wavelength photons
propagating through the low-loss optical fiber network
will extend the range of such distributed quantum proto-
cols. Our designs are capable of addressing several specific
quantum memories with high-purity photon pairs having
the signal at respective atomic transition lines and the
idler in the telecom band (or vis-NIR for the Er*® quan-
tum memory working at 1532 nm), by tuning the input
pump wavelength A, and bandwidth o,. Table I summa-
rizes two such designs, # x w = 660 nm x 800 nm and
600 nm x 1020 nm (the waveguide length is 7 cm for both
the designs) that can address many of the quantum mem-
ories reported so far [22,23]. These designs also show
tolerance toward fabrication inaccuracies and we can com-
pensate for any deviation from targeted widths by tuning
the input pump wavelength A, as shown in Sec. IV. As the
generated photon bandwidths from our proposed sources
(approximately hundreds of gigahertz) are quite broad,
addressing quantum memory transitions with narrow line
widths (<10 GHz) will require further spectral filtering
at the output but with the added advantage of increased
photon-state purity [16]. Interestingly, we can also directly
obtain such narrow-generation bandwidths with longer
waveguide lengths, which will correspondingly require
smaller input pump bandwidths for high purity. For exam-
ple, the & x w = 660 nm x 800 nm design can generate
high-purity (=82%) photon pairs with a narrow bandwidth
of <10 GHz at all four quantum memory transitions listed
in Table I, for a waveguide length L =3 m and input
pump bandwidth o, = 6.5 GHz. Spirally wound Si3Ny
waveguides with such long lengths have already been
demonstrated experimentally, with record minimum prop-
agation losses of <1.5 dB/m [49-51]. Further, such low
propagation losses of approximately 2 dB/m and long
lengths of approximately 3 m will boost the spectral
brightness to approximately 10® photon pairs/s/nm/mW?,

becoming comparable to state-of-the-art x ®’-based SPDC
sources [52,53].

VII. CONCLUSIONS

In this paper, we propose silica-clad Si;Ns waveg-
uide designs capable of generating intrinsically (filter-
free) spectrally pure visible-telecom photon pairs via
SFWM. The simultaneous conditions of discrete-band
phase matching and group-velocity matching required for
spectral purity are achieved through dispersion engineer-
ing. The numerical results show that a design with cross
section 680 nm x 840 nm can generate spectrally pure
photon pairs with a maximum purity of up to approx-
imately 97%, bridging the vis-NIR and telecom bands,
the wavelengths of which can be tuned by the input
pump wavelength, showing the tunability of our sources.
Some other source designs, such as 660 nm x 800 nm and
600 nm x 1020 nm, are capable of generating high-purity
photon pairs for addressing various quantum memory
transitions with telecom-band interfacing. The proposed
source designs also show tolerance toward the fabrication
inaccuracies. The effect of waveguide propagation losses
on purity is also explored and it is found that the purity
remains unaffected for typical losses in such devices. The
proposed sources could potentially be employed in vari-
ous photonic quantum technologies, such as computing,
simulation, communication, networking, and metrology.
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