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SPECIAL TOPIC — Quantum communication and quantum network

Generation of broadband polarization-orthogonal photon pairs via
the dispersion-engineered thin-film lithium niobate waveguide

Ji-Ning Zhang(7K 4k T*), Tong-Yu Zhang(5k [F]5%), Jia-Chen Duan(%ii % /=),
Yan-Xiao Gong(3%Z12)", and Shi-Ning Zhu(#i i:5)

National Laboratory of Solid State Microstructures, School of Physics, Nanjing University, Nanjing 210093, China

(Received 9 August 2024; revised manuscript received 29 August 2024; accepted manuscript online 30 August 2024)

Broadband photon pairs are highly desirable for quantum metrology, quantum sensing, and quantum communication.
Such sources are usually designed through type-0 phase-matching spontaneous parametric down-conversion (SPDC) that
makes the photon pairs hard to separate in the frequency-degenerate case and thus limits their applications. In this paper, we
design a broadband frequency-degenerate telecom-band photon pair source via the type-II SPDC in a dispersion-engineered
thin-film lithium niobate waveguide, where the polarization modes of photon pairs are orthogonal and thus are easily
separated deterministically. With a 5-mm-long waveguide, our design can achieve a bandwidth of 5.56 THz (44.8 nm),
which is 8.6 times larger than that of the bulk lithium niobate, and the central wavelength can be flexibly adjusted. Our
design is a promising approach towards high-quality integrated photon sources and may have wide applications in photonic

quantum technologies.

Keywords: broadband photon pair source, spontaneous parametric down-conversion, dispersion engineering,

thin-film lithium niobate waveguide
PACS: 03.67.—a, 42.50.—p, 42.65.-k, 42.82.—-m

1. Introduction

Photon pairs are a basic resource for quantum photonic
technologies, which have been developed rapidly in recent
years. In particular, broadband photon pairs add significant ad-
vantages to a variety of quantum photonic applications. On the
one hand, the high information capacity of broadband photons
can provide abundant resources for high-dimensional quantum
communication networks.[!2] On the other hand, their short
correlation time allows for enhancing sensitivity and resolu-
tion in quantum metrology tasks,>! such as quantum opti-
cal coherence tomography, (! lithography,”-8! spectroscopy, !
and clock synchronization. [10-11]

The technique of type-O phase-matching spontaneous
parametric down-conversion (SPDC) is a widely used method
for producing bright and broadband photon pairs.'>~1) How-
ever, the photon pairs have the same polarization modes, mak-
ing it challenging to separate them in the case of frequency-
degenerate case. This limitation restricts their utilization
in many quantum information tasks requiring frequency-
degenerate photons, such as quantum coherence tomography
and quantum interferometric lithography. Non-collinear type-
I SPDC source can provide broadband, separated frequency-
degenerate photon pairs.!'”-!8] However, the non-collinear
phase matching limits the interaction length and photon col-
lecting fraction, and hence is usually subjected to low effi-
ciency. In contrast, the type-Il SPDC can generate photon
pairs with orthogonal polarization modes, thus allowing for
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the deterministic separation of the two photons through the
polarization beam splitter in a simple and effective way. But
unfortunately, the natural spectral bandwidth is rather nar-
row in type-II SPDC due to the different dispersion proper-
ties of orthogonally-polarized photon pairs.!'”! To broaden the
bandwidth, Fraine et al. employed the technique of chirped
quasi-phase matching (QPM) and obtained a bandwidth of
~ 125 nm.?") However, the chirped photon pairs are usu-
ally not transform-limited, requiring phase correction. On
the other hand, Shimizu and Edamatsu utilized periodically-
poled MgO-doped stoichiometric LiTaO3; to produce broad-
band photon pairs due to the weak birefringence of the
crystal.?!l However, the type-II effective nonlinear coefficient
of the crystal is too small which may limit its generation effi-
ciency.

In this paper, we propose a scheme for generating
broadband and bright type-II SPDC photon pairs based on
thin-film lithium niobate (TFLN) waveguide. Recently, the
TFLN platform has shown its high performance in inte-
grated optics!?>?3! due to the low optical transmission loss,
large electro-optical and second-order nonlinear coefficients,
and strong mode confinement. In particular, the disper-
sion engineering of the TFLN waveguides has been exten-
sively explored in broadening the bandwidth of second har-
monic generation,!”*! optical parametric amplification,?>-27!
and type-0 SPDC processes.[!>1%28] Here, by introducing dis-
persion engineering, we design a ridge waveguide that sat-
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isfies the dispersion condition required for broadband type-
IT SPDC. Simulation calculations show that our design en-
ables a spectral bandwidth of 5.56 THz (44.8 nm) with a
5-mm-long waveguide, and a spectral brightness of 1.51 x
107 Hz/(nm-mW).

2. Theoretical model

For a degenerate type-1I SPDC pumped by a continuous-
wave (cw, coherent time > 1 ps) laser of angular frequency
@y, the generated two-photon state is characterized as

W) =4 [dvoanlon+vidam—vi, (D

where @y = ®,/2 is the central frequency of signal (s) and
idler (i) photons spectrum, with v denoting the frequency de-
tuning. The coefficient A absorbs all the constants and is a
slowly varying function of frequency, which is given in Sec-
tion 5 for details. The complex function @ (Ak) is the photon
pair spectral amplitude, given by

¢ (Ak) = sinc (A];L> exp <1A]2<L> , )

where L is the crystal length, and the joint spectral intensity is
then given by

P = sinc?(AkL/2). 3)

For QPM, the phase mismatch Ak is given by

2r

Ak:kp(a)p)—ks(ws)—ki(a)i)—j, “)

where A is the poling period. The wave vectors of signal and

idler photons can be respectively expanded around frequency

o as

=) ﬁs

ks(ws) :ks(wO) + Z v
m=1

7\} N
m!

(@) = k(o) + ¥ P vy, )
m=1 :

where ﬁ,i,(i) = d"kyq)/ da):(’i)|ws(i):ah is mM-order dispersion.
Thus, Ak can be derived as

2r

Ak = ky(ep) — ks (o) —ki(exn) — =

e [Bv )

m!

(6)

m=1

The poling period A can be explicitly calculated to satisfy the
QPM condition, namely,

kp(@p) — ks(@p) — ki(ap) —2m/A =0. (7)

Then, in order to maximize the bandwidth of the photon pair
spectrum ¢ (Ak), Ak should be minimized around the detuning
v. Hence, we have the following conditions:

By = Bul =0 (m=2n—1), |B}+p,|=0 (m=2n), 8

where n € N*. For type-II phase matching case, we can only
consider the dominant term of m = 1, and minimize it, namely,

B — Bi| =0. )

Recalling B; = 1/v, = ng/c, with v; and ng denoting the group
velocity and group index, respectively, Eq. (9) can be reduced
ton, = nio,, which is referred to as group index matching condi-
tion. Under this condition, the phase-matching bandwidth can
be significantly broadened, and then limited by group-velocity
dispersion (GVD) and higher-order dispersion. According to
the term m = 2 in Eq. (8), we get the phase mismatch Ak ~ Dv?>

with the dispersion factor D = (85 + f31)/2.

3. Waveguide design

We design a TFLN waveguide structure that satisfies both
the type-II phase matching condition and the group index
matching condition in telecom band given by Eqgs. (7) and (9),
respectively, where the pump, signal, and idler light fields are
in quasi-TMyg, quasi-TEqy, and quasi-TMgy modes, respec-
tively. The optimized cross section of the designed X-cut
TFLN waveguide is depicted in Fig. 1(a), where the lithium
niobate film with a thickness of 4, = 350 nm is etched on and
also clad with 2-pm-thick silica. The top width of the waveg-
uide is w = 1020 nm, with a sidewall angle of 6 = 65°, and
the etching depth is #; = 250 nm.

775 nm

TMgo

1550 nm

0.5 TMyg

—-0.5

-10 -05 0 0.5 1.0 0

z (pm)

1.0 —1.0 —0.5 0 0.5
= (um)

Fig. 1. (a) Cross section of the TFLN waveguide structure, where the
ridge waveguide is located on /#; = 350 nm thick X-cut LNOI wafer, with
the top width of w = 1020 nm, the sidewall angle of 6 = 65°, and the
etching depth of #; = 250 nm. (b)—(d) Field distributions of the pump,
signal and idler modes.
The field distributions of pump, signal and idler modes
are simulated as shown in Figs. 1(b)-1(d) by utilizing the
Mode Solutions v8.6 software, with the material dispersion

of lithium niobate given by Ref. [29]. It can be seen that the
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TMp mode is more confined than the TEyy mode with some
field entering the silica layers. The corresponding group index
curves of the TEyy and TMyy modes are plotted in Fig. 2. The
group index matching condition is fulfilled at the intersection
1550 nm.

2.22

— Signal (TEg)
— Idler (TM,)

221

2.201

2.19
1530

1540 1550 1560
Wavelength (nm)

1570

Fig. 2. Group index curves of signal and idler photons in the designed
waveguide.

0 5 10 15
Bandwidth (THz)

4. Spectra and bandwidths

Then taking 1550 nm as the central wavelength of sig-
nal and idler photons, we can calculate the poling period as
A =2.09 um. Next, by setting waveguide length L = 5 mm,
we calculate the phase mismatching AKL/27m as shown in
Fig. 3(a) where we can infer the largest phase-matching band-
width to be 12.8 THz.

intensity in Fig. 3(b), with the comparison against that of

We plot the two-photon spectrum

bulk lithium niobate crystal of the same length. We can see
that the bandwidth, defined as full width at half maximum,
is 44.8 nm (1527.5 nm-1572.3 nm), corresponding to a fre-
quency bandwidth of 5.56 THz, which is 8.6 times larger than
the 0.65 THz bandwidth using the bulk lithium niobate crystal.
We can further calculate the bandwidth—length product AAL as
22.40 um>.

(b) 1.0 :

—— Our design
> — Bluk LN
= o8t ]
=]

(&)

©

A 0.6 1
o

S

= 0.4r 1
g

8 0.2F 4
Z, .

0 T 7 T 7 T
1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Fig. 3. (a) The phase mismatching AkL/27. Dashed line indicates the point where the phase-mismatch sinc function reaches zero. (b) Simulated
normalized two-photon spectrum intensities of our design (red line) and bulk lithium niobate crystal (blue line).

5. Brightness

Considering a cw laser with power P as the pump and
following analogy calculations made in Refs. [30-32], we can
write the constant A in Eq. (1) as

A—ilL Pogdg§?
280c3npn50nioS’

where degt = 2d31 /7 ~ 1.78 pm/V is the effective nonlinear

(10)

coefficient for type-II SPDC, with n; (j = p,s0,i0) represent-
ing the refractive index of pump, signal, and idler photons at

their central wavelengths, respectively. The parameter S =
(SpSsoSio)!/3 is the effective mode area, with S; (j = p,s0,i0)
given by

(fau |Ej|2dxdz)3

_ 1
J 29 (
| [y | Ej*Ejdxdz]

and E; (j = p,s0,i0) denoting the electric fields of the pump,
signal, and idler photons, respectively. The parameter { rep-
resents the spatial mode overlap factor between the pump, sig-
nal, and idler modes, given by

Sy EpEy 1 Eio ;dxdz
€= T 12)
2 2 2 )
(’ fyo | B EpdxdzH Jyo | Bl EsodxdzH fyo | Enl EiodxdzD
where [, and [, ) represent integrations over all space and ‘lows:
the lithium niobate layer, respectively.
Then we can obtain the photon pair generation rate as fol- R={yly) = ‘A|2 / dvio(v) ‘2~ (13)
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By substituting Egs. (2), (10)—(12), and the group index
matching condition of n, = n, into Eq. (13), we have
. 2V271 PLI @3d% L2

380c3npnsonioS\D|% .

(14)

As shown in Table 1, we calculate the values of each pa-
rameter in Eq. (14) in our design. Supposing that L =5 mm
and P = 1 mW, we can estimate the generation rate to be
6.76 x 10® Hz, with the corresponding spectral brightness of
1.51 x 107 Hz/(nm-mW).

Table 1. List of parameters.

Variable Parameter Simulation value
S effective mode area 2.151 pm?
¢ spatial mode overlap factor 0.866
D dispersion factor 1.826 ps?/m
np refractive index of pump at @, 2.041
nso refractive index of signal at @y 1.759
nio refractive index of idler at @y 1.654

6. Discussion

We now discuss the experimental feasibility of our de-
sign. The waveguide structure and poling period are experi-
mentally feasible with current TFLN techniques. [13:23:26:33.34]

Moreover, our scheme is tolerant to the waveguide fabrication

(a) T "TEno —'TMnn for initial design
2.216 F + TEqy - -~ TMy, for w; = 1000 nu]
 TEgyy~ ~ TMyq for w, = 1040 nm|
— TEy, —TMj, for h} =230 nm
2.210 <— TEy —TM,, for h}=270 nm
£ 2.204
2.198
192 1 ! t : .
1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)
(©) 9.220 . T T T ;
——TEy, —— TM,, for 25 °C
TEy, —— TM,, for 50 °C
2.215 ——TEg —— TMg for 100 °C ]|
2.210
:‘:D
2.205
2.200

195 L L L L L
1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

(b)

Wavelength (nm)

—
o
N2

Normalized intensity

deviations. Firstly, we consider the deviation in waveguide
width w and etching depth 4, and show the simulation results
of dispersion in Fig. 4(a). As shown in dashed line, when w
changes to w; = 1000 nm and w, = 1040 nm, the intersection
point of group indices n, of signal and idler photons changes
from 1550 nm to 1548.2 nm and 1552.8 nm, respectively, and
the bandwidth changes to 5.544 THz and 5.573 THz, respec-
tively. The deviation in /; has more influence on the disper-
sion of TMyy, as shown in solid line. When /| changes to
A =230 nm and A% = 270 nm, the intersection wavelength
changes to 1555.6 nm and 1544.7 nm, respectively, and the
bandwidth changes to 5.541 THz and 5.584 THz, respectively.
The group index matching condition can still be satisfied at
slightly deviated wavelengths, and the change of bandwidth is
quite small, which can be neglected in these conditions, and
thus we can still obtain broadband photon pairs by finely tun-
ing the pump wavelength and poling period.

Secondly, we further plot the group index matching wave-
length as a function of lithium niobate film thickness /; in
Fig. 4(b) with the blue dotted line. It can be seen that the influ-
ence of film thickness variation is more obvious than waveg-
uide width and etching depth, as the TMyy field is strongly
compressed in our design and its dispersion is more sensi-
tive to thickness variation compared with the other geometric
structure parameters.

1580 1300
1570
1200
1560 ~
1100 Z
1550 =
1540 1000 =
1530 900 =
1520
800
1510 1 1 1 1 1 1 1
342 344 346 348 350 352 354 356 358
Thickness (nm)
1.0 T T T T T T
—— Pulsed pump
—— Cw pump
0.8 b
0.6 b
0.41 b
0.2 b
0 L/ , , MEAVANEN,
1470 1510 1550 1590 1630

Wavelength (nm)

Fig. 4. Simulation of the influence of fabrication deviations, operating temperature shifts and pump bandwidth variation. (a) The group indices
of the TMo and TEpy modes in the case of deviations in waveguide width and etch depth. (b) The wavelength (blue dotted line) satisfying the
group index matching condition and the corresponding waveguide width (red dotted line) required to generate 1550 nm degenerate photon pairs
against lithium niobate film thickness. (c) The group indices of the TMqo and TEqp modes at different waveguide temperatures. (d) Simulated
normalized two-photon spectrum intensities with cw pump (red line) and pulsed pump (blue line).
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If the shifted degenerate wavelength does not fit our appli-
cation scenario, we could measure the film thickness /4, before
fabrication and change other geometric parameters based on
hy. As shown by the red dotted line in Fig. 4(b), the degenerate
wavelengths can be adjusted to 1550 nm under different film
thickness by varying the waveguide top width w, and the pol-
ing period should be adjusted as well. For example, when the
film thickness is 344 nm, we can get 1550-nm-degenerate pho-
ton pairs by adjusting the waveguide width to w = 1220 nm. In
addition, the group indices of signal and idler are temperature
dependent and can therefore be fine tuned by choosing an ap-
propriate operating temperature. As shown in Fig. 4(c), when
the waveguide temperature rises to 50 °C and 100 °C, the in-
tersection point of group indices of signal and idler photons
changes from 1550 nm to 1547.5 nm and 1541.1 nm, respec-
tively. The above analysis results also reflect the tunability of
our design on waveguide width, etching depth, film thickness
and temperature. We can flexibly adjust the geometric parame-
ters and operating temperature to obtain the broadband photon
pair source at user-chosen target wavelengths.

Furthermore, the spectral properties of pump could affect
two-photon bandwidths. In the case of the broadband pulsed
pump, the generated two-photon state changes to[*3]

¥) > [ dodoa(o,+@)o(ak) ooy, (15)

where o(@s + ;) is the pump envelope function. We plot the
normalized two-photon spectrum intensities when the coher-
ent time of pump light is 1 ps with a Gaussian-distribution in
Fig. 4(d) (blue line), where the two-photon bandwidth is ex-
tended to 75.0 nm, which is much broader compared to the
case where the pump light is cw (red line). Therefore, the
pump function could significantly affect the two-photon spec-
tral distribution and we can increase the two-photon band-
width by increasing the pump bandwidth.

7. Conclusion

In summary, we designed a periodically-poled TFLN
waveguide for producing broadband frequency-degenerate
polarization-orthogonal photon pairs by employing the type-
IT phase-matching SPDC. In contrast to the previous broad-
band sources based on the type-0 SPDC, the photon pairs
can be separated deterministically more easily. The waveg-
uide structure is designed to make the group index curves of
the TEgg and TMqp modes crossing at 1550 nm, enabling the
bandwidth of photon pairs to be increased. Our simulation
results show that the bandwidth of our source is 5.56 THz
(44.8 nm) with the bandwidth-length product of 22.85 um?,
which is 8.6 times larger than that of the bulk lithium nio-
bate. The theoretical brightness of our source is calculated to
be 1.51 x 107 Hz/(nm-mW). Additionally, our design is exper-
imentally feasible and highly tolerant to waveguide fabrication

deviations. Furthermore, we can further expand the bandwidth

by combining with other methods such as chirping quasi-phase

[37

matching?%! and temperature gradient methods. >’ We envi-

sion that our approach will motivate efforts to develop inte-
grated nanophotonics for a variety of applications in quantum
technologies.
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