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1. Introduction

Quantum photonic technology exhibits great potential for appli-
cations ranging from quantum communications! > and quan-
tum computation[4"6] to quantum metrology[7’8]. In particular,
the recent advances in integrated quantum photonics®~'* have
shown great promise for chip-scale quantum information
processing with unprecedented capability and complexity.
Single-mode, high-purity, and integrated sources of single pho-
tons and/or entangled photon pairs are necessary for all these
quantum protocols 71!,

Silicon photonic integration platforms provide third-order
nonlinearity y® that enables photon-pair generation by spon-
taneous four-wave mixing (SFWM)!"”~2°), Its major advantages
are natural compatibility with the CMOS industry, and
extremely well-developed fabrication techniques for silicon
electronics and photonics. Another attractive candidate of the
quantum integration platform is optical nonlinear dielectric
materials, such as lithium niobate (LN) and potassium titanyl
phosphate (KTP)?'"**). Compared with the third-order
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Reliable generation of single photons is of key importance for fundamental physical experiments and quantum protocols.
The periodically poled lithium niobate (LN) waveguide has shown promise for an integrated quantum source due to its large
spectral tunability and high efficiency, benefiting from the quasi-phase-matching. Here we demonstrate photon-pair
sources based on an LN waveguide periodically poled by a tightly focused femtosecond laser beam. The pair coincidence
rate reaches ~8000 counts per second for average pump power of 3.2 mW (peak power is 2.9 kW). Our results prove the
possibility of application of the nonlinear photonics structure fabricated by femtosecond laser to the integrated quantum
source. This method can be extended to three-dimensional domain structures, which provide a potential platform for steer-
ing the spatial degree of freedom of the entangled two-photon states.

Keywords: photon pair; spontaneous parametric downconversion; femtosecond laser; lithium niobate waveguide;

nonlinearities ¥, photon pairs can be produced through spon-
taneous parametric downconversion (SPDC) in nonlinear crys-
tals based on the strong second-order nonlinearity y® that is
more efficient and requires lower pump power!**!. More specifi-
cally, periodical poling, also known as the ferroelectric domain-
engineering technique'*”), can be applied to the ® nonlinear
crystal to realize quasi-phase-matching (QPM) SPDC for gener-
ation of entangled photons with higher efficiency?**”). By using
properly designed @ structures, ultrabroadband entangled
photon pairs can be obtained with tunable spectral
properties[28’29].

The traditional fabrication method for QPM is electric field
poling, but it cannot be used to manipulate y® along the depth
of the medium. The external poling field has to be applied via
patterned electrodes on the crystal surface, and the ferroelectric
domain switching process always begins with nucleation of
inverted domains on the surface. In addition, the mask and
lithography are needed to design the poling structure, which
are feasible but not ideal for rapid prototyping. Recently, the
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fabrication of QPM structures in ferroelectrics using femtosec-
ond lasers has been reported®**. The laser beam can be
focused at multiple depths inside a transparent medium for fab-
rication of three-dimensional (3D) nonlinear photonics crystals,
which are a big challenge if using electric field poling. The femto-
second laser poling offers an ideal technique to construct peri-
odic ferroelectric domain devices, enabling precise control of
localized domains for advanced applications in nonlinear beam
shaping™>~* and holography®**°!, However, the generation of
photon pairs from the femtosecond-fabricated QPM nonlinear
structure still remains relatively unexplored. In this Letter, we
use the laser-induced ferroelectric domain inversion to produce
a nonlinear QPM grating in a Ti-indiffused LN waveguide. The
generation of photon pairs based on the SPDC is experimentally
demonstrated. Our results verify that the femtosecond poling
technique provides a rapid fabrication method for QPM struc-
tures to produce quantum photon sources.

2. Device Structure Fabrication and Characteristics

In our experiment, the LN channel waveguide is fabricated by
diffusing a 35-nm-thick titanium layer with a width of 3 pm
on the —Z surface of the crystal for a diffusion time of 22 h
at a temperature of 1010°C. The refractive index contrast of
the waveguide is about An =0.001. The quasi-TM-polarized
fundamental modes, shown in Fig. 1, are calculated using vec-
torial mode simulation software with the modal effective index
Negr = 2.1747 at the 812 nm wavelength and n.q = 2.3244 at the
406 nm wavelength.

The experimental setup for the periodic inversion of ferro-
electric domains is shown in Fig. 2(a). The laser (central wave-
length at 800 nm, pulse width 180 fs, repetition rate 76 MHz, and
single pulse energy up to 5 nJ) for domain inversion of the wave-
guide is generated by a femtosecond oscillator (MIRA,
Coherent). The diameter of the focus spot on the crystal surface
is about 1 pm by using a 40X microscope objective (NA = 0.65).
The average scan speed of the focal spot of the laser beam is
about v = 10 pm/s through the waveguide from the —Z toward
the Z-surface. We use an automatic shutter to block the laser
beam when the sample moved to the next region of domain
inversion. A typical optical image of the fabricated two-dimen-
sional (2D) ferroelectric domain pattern after 5 min etching in
hydrofluoric (HF) acid is shown in Fig. 2(b). The average QPM

2=812 nm (TM)
Nes = 2.1747

A=406 nm (TM)
Moy = 2.3244

l—vY

Fig. 1. Simulated mode profiles of the quasi-TM-polarized mode (a) at 812 nm
for the downconverted photons and (b) at 406 nm for the pump. The scale bar
iS 2 pm.
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Fig. 2. (a) Experimental setup for femtosecond laser direct writing ferroelec-
tric domain patterns in the Ti-indiffused LN channel waveguide. HWP, half-
wave plate; PBS, polarizing beam splitter; DM, dichroic mirror; IF, interference
filter. (b) Optical microscopic image of the 2D optically poled domain pattern
with the period of 2.74 um in the x direction and 1.15 um in the y direction. The
inverted domains are visible as small circles. (c) 3D profiles of the inverted
domains obtained by Cerenkov second-harmonic microscopy.

period is A =2.74 pm along the x axis and A =1.15um along
the y axis. Cerenkov second-harmonic microscopy!'®'” is used
to visualize the 3D domain pattern, as shown in Fig. 2(c). The
inverted domains are extended as deep as 28 pm below the sur-
face for good overlapping between the waveguide modes of fun-
damental and second-harmonic.

An optimal quantum source should be able to produce a large
number of photon pairs, which is determined by the nonlinear
conversion efficiency of the periodically poled waveguide. For
this reason, it is crucial to characterize both the propagation
losses of light and nonlinear conversion efficiency to optimize
the parameters for the SPDC. We will use classical characteriza-
tion of the device to predict quantum behavior because the gen-
eration and detection of classical light are easier than for
quantum light. First we study the reverse process of parametric
downconversion (PDC), that is, second-harmonic generation
(SHG). We use the microscopic objective of NA = 0.16 to focus
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the 812 nm laser beam from the femtosecond oscillator
(Chameleon by Coherent, pulse width of 140 fs, repetition rate
of 80 MHz) into the waveguide and collect the output second
harmonic using the microscope objective of NA = 0.2. The mea-
sured far-field intensity distributions of the fundamental and
second-harmonic light after passing through the QPM wave-
guide, as shown in Figs. 3(a) and 3(b), are in good agreement
with the theoretical simulation results in Fig. 1. The asymmetry
of the mode sizes is consistent with typical Ti-indiffused LN
waveguides. The measured spectra of the fundamental and sec-
ond-harmonic waves are shown in Figs. 3(c) and 3(d), respec-
tively. The output power of the second-harmonic wave varies
with the polarization of the fundamental wave, as shown in
Fig. 3(e). Its maximum value is obtained when the input polari-
zation is parallel to the z axis of the LN waveguide (i.e., TM
mode). We control the temperature to optimize the fre-
quency-doubling process and the maximal conversion efficiency
occurs at 30°C, as shown in Fig. 3(f). The propagation loss of the
waveguide is measured to be about 0.1 dB/cm at the fundamen-
tal wavelength. A second-harmonic power of 4.4 mW is
obtained for input power of 40 mW (peak power is 3.6 kW),
and the conversion efficiency is 10.1%. This means that the
device is capable of efficient photon-pair generation in the quan-
tum domain. Thus we adopt this phase-matching condition for
the production of degenerate heralded single photons.

Y

A=812nm Zl_'

(c) 1.0 (d) 1.0
3 3
s 8
2 05 [ 2 05 |
g [2]
8 g
= E

0.0 0.0

780 800 820 840 380 405 430
Wavelength (nm) Wavelength (nm)
f)
(e) N5
— 1.0 ® measured s 10
S ttin,
L\'i; fitting §
= 9
] o
g 05 £ 05
o s
0 :
d)

wn >

0.0 | 5 00 L

50 70 90 110 130 © 26 28 30 32 34

Polarization (°)

Temperature (°C)

Fig. 3. Measured output intensity distribution of (a) the fundamental and
(b] the second-harmonic waves in the far field; spectrum for (c) the funda-
mental and (d) the second-harmonic waves; (e) normalized output power of
the second harmanic versus the input polarization of the fundamental wave at
temperature 30°C; (f) normalized conversion efficiency of second harmonic
versus the quasi-phase-matching temperature.
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3. Experimental Results

The photons produced by the SPDC are measured to character-
ize the performance of our periodically poled LN waveguide.
The experimental setup for the quantum measurements is
shown in Fig. 4(a). The phase-matching condition for the
SPDC was already obtained from the SHG measurements
before. A 406 nm pump is generated from the SHG of the
812 nm femtosecond laser (Chameleon, Coherent) using the
BBO crystal. We use two short-pass filters (Thorlabs FESH0450)
and a bandpass filter (10 nm bandwidth centered 405 nm) to
block the 812 nm photons. The device temperature is stabilized
at 30°C. We use a polarization controller to adjust the polariza-
tion of the pump to the TM mode, which is required for Type-0
SPDC. Then, the microscopic objective (C280TMD-A) is used
to focus the 406 nm laser beam into the 10 mm LN waveguide
poled by the femtosecond laser, and the emitted photons are col-
lected using the microscope objective (RMS 4X-PF). The gener-
ated signal and idler photons at 812 nm with the same vertical
polarization are separated by a 50:50 fiber coupler and detected
by single-photon detectors with detection efficiencies of 80%. In
order to measure only the downconverted photon pairs, the
emerging photons from the waveguide pass through two
long-pass filters (FELH0700) and a bandpass filter (10 nm band-
width centered at 810 nm) for blocking the 406 nm photons.
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Fig. 4. (a) Schematic of the experimental setup used for photon-pair mea-
surements. SMF, single-mode fiber; FC, fiber coupler; SPD, single-photon
detector; M, mirror. (b) The coincidence of photon pairs varies with the aver-
age pump power.
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