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High-fidelity periodic poling of thin film lithium niobate (TFLN) waveguides is critical
for robust, quasi-phase-matched three-wave mixing process such as second-harmonic generation
and spontaneous parametric down conversion. Over the past decade, extensive research has been
performed on design and fabrication of TFLN based optical waveguides, demonstrating high-
performance electro-optic modulators, efficient wavelength converters and revealing their great
potentials in heterogeneous integration with the conventional silicon photonic material platform.
However, studies on poling of TFLN are still lacking, and uniformity of TFLN poling needs to be

further improved, to achieve a comparable conversion efficiency as in its bulk counterparts. This
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dissertation discusses evaluation and optimization of TFLN poling, waveguide design, and device
demonstration through characterization of efficient second-harmonic generation and high-quality
entangled photon-pair generation. The results presented here indicate promising applications for
robust and efficient TFLN devices in nonlinear and quantum optics in the telecommunications

regime.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Periodic poling of thin-film lithium niobate

Periodically-poled lithium niobate (PPLN), which can achieve quasi-phase matching
(QPM) of nonlinear interactions between different wavelengths, is widely used to realize waveg-
uide devices for applications in quantum communication [1, 2], optical parametric oscillators
[3, 4, 5], and wavelength converters [6, 7]. Further improvements in performance (e.g., enhanced
nonlinear conversion efficiency and reduced footprint) are anticipated when using thin-film
lithium niobate (TFLN), which achieves a smaller mode cross-sectional area, and thus, higher
nonlinear conversion efficiency, compared to the traditional Ti diffused or proton-exchanged
LN waveguides. Thus, high-fidelity periodic poling of TFLN will be essential for efficient
integrated nonlinear optical devices using the TFLN materials platform, which are recently being
studied [8, 9, 10, 11, 12, 13].

Periodic poling of LN is achieved by the application of a strong electric field to the crystal
through lithographically-defined electrodes on LN surfaces. The electrodes are fabricated in a

periodic pattern, which creates a periodic reversal of the ferroelectric domain orientation, and the



resulting periodicity of the nonlinear polarization achieves a crystal momentum that assists in
phase-matching of waves that would normally not interact. At the microscopic level, uniform
and accurately-sized periodically-inverted domains are the sign of high poling quality. The most
popular conventional way to evaluate poling quality is one based on selective HF etching [14]
combined with SEM imaging, but the process is difficult to control in LN thin films. Especially
for x-cut TFLN, the buried oxide layer underneath the LN thin film itself can be etched by HF.
To estimate the poling depth, FIB is often required to first expose the xy face of LN, and then
the cross-section of the material is immersed and wet-etched in the HF solution, during which
the top LN thin-film layer could collapse very easily. Moreover, the process of HF etching also
damages the LN waveguide itself, and is not a method that can be used for in-process diagnostics
of the same waveguide. Thus, there is need to develop diagnostic methods for studying the
poling characteristics of TFLN devices, and in particular, in-situ methods that do not destroy the

waveguide or the surrounding materials.

1.1.2 Second-Harmonic Generation

Over the past few years, many efficient wavelength converters have been demonstrated
based on x-cut and y-cut thin-film PPLN waveguides [8, 9, 10, 11, 12, 13]. Because of the tight
light confinement in the thin-film waveguides, more than one order of magnitude improvement
have been achieved in the normalized conversion efficiency (Mporm) [10], compared to the tradi-
tional proton-exchanged bulk LN waveguides [6]. This waveguide structure allows access to the
highest second-order nonlinear coefficient of LN (ds3), and enables poling with electrodes fabri-
cated on the surface of the thin film of LN. The required poling period (A) for the first-order QPM
in TFLN waveguides is generally much smaller than that of the bulk waveguides, because of the
high dispersion of the confined modes with smaller cross-sectional area. In most of the reported
TFLN SHG devices, A is 4 - 6 um. The theoretical Nporm can be further improved, according to

our simulations as well as the simulations in Refs. [11, 13], if a lower value of A can be fabricated.



However, lateral spreading of the inverted domains becomes non-negligible when A gets smaller,
which hinders the realization of ~ 50% poling duty cycle and more importantly, adjacent domains
may merge before the thin film is completely inverted in depth. Recently, Rao et al. [13] have
demonstrated a high value of Nporm ~ 4600 %.W~!.cm~2 from a relatively short etched PPLN
waveguide (0.3 mm length). However, because the length of the waveguide is on sub-millimeter
scale, the measured conversion efficiency (m = 10 %.W ™) is still significantly lower than other
bulk (Mmax = 1634 %. W~ [6]) or thin-film devices (Mmax = 416 % . W] [10]). Therefore, as is
mentioned by the authors, the uniformity of poling needs to be further improved, to achieve a
comparable conversion efficiency (1) as in the bulk PPLN waveguides. While the conversion
efficiency can be further enhanced through resonant structures, as have been demonstrated in z-cut
TFLN microrings very recently [15], resonant devices do not support broadband conversion, the
operating temperature range is limited, and the device performance is more sensitive to fabrication
errors. Thus, it is important to understand and improve the poling process, to fabricate longer
waveguides, and design waveguide structures whose SHG performance will remain relatively

insensitive to fabrication or layer-thickness variations.

1.1.3 Spontaneous Parametric Down-Conversion

Spontaneous parametric down-conversion (SPDC) was widely used to generate the en-
tangled photons used in first demonstrations of quantum teleportation, entanglement-based
cryptography, satellite-ground quantum communication experiments, tests of Bell’s inequal-
ity, multi-photon entanglement, one-way optical quantum computing and other notable exper-
iments [16, 17, 18, 19, 20, 21, 22, 23]. Nanoscale waveguides, which reduce the modal cross-
section area by 10x compared to traditional LN waveguides, could result in lowering the power
requirements by a factor of 100x and simultaneously improve the quality of the generated photon
pairs. This double advantage could enable large-scale multiplexing and scale-up towards realistic

quantum information processing photonic circuits, which so far is based on other materials with a



weaker, third-order nonlinearity like silica or silicon [24, 25, 26]. Periodic poling in a ferroelectric
waveguide allows quasi phase matching (QPM) between waves of different frequencies and type-0
QPM with a first-order grating offers the most efficient and desired multi-wave interaction with
free choice in the state of polarization and mode [3]. The second-order nonlinear optical process
of SPDC in traditional LN waveguides can yield photon pairs of high quality but is relatively
inefficient, typically requiring a dedicated tens-of-milliwatt-class single-mode laser diode or a
high-peak power mode-locked laser for a bright, high-quality entangled-photon source [27, 28].
Efficient telecommunications-band entangled photon pair generation at sub-milliwatt power
levels has, for example, been developed in silicon photonics, but at the cost of using a weaker,
third-order optical nonlinearity and achieving the best performance from micro-resonator devices,
which require stringent control and stabilization [29, 30]. Thus, the realization of high-quality

SPDC in nanoscale LN waveguides is under active study.

1.2 Overview of this Dissertation

This dissertation discusses periodic poling of TFLN and its applications for second-
harmonic generation and entangled photon-pair generation. The dissertation is organized as
follows: Chapter 2 introduces the LNOI material platform and compares waveguides in bulk
LN and TFLN, Chapter 3 demonstrates periodic poling of TFLN, where two different poling
diagnostic methods are introduced. A new non-destructive optical diagnostic method, confocal
scanning second-harmonic microscopy, is established and discussed in detail. It can image the
inverted domains in both bulk and thin-film LN non-invasively, and it allows us to unambiguously
distinguish between a fully-inverted and partially-inverted film in depth within the limits of
lateral resolution. This technique provides quick feedback and guidance for the poling recipe
optimization. Using this approach, we were able to demonstrate uniformly-inverted domains

over a 5 mm long poling region, with a 2.8 um period. Poling results of domain structures with



sub-micrometer periodicities are presented and analyzed based on the measured SH and PFM
images. Chapter 4 discusses the design of the PPLN waveguides for efficient SHG from 1560 nm
to 780 nm. Chapter 5 presents SHG measurement results from the fabricated PPLN waveguides,
including the measured SHG spectra, SH-pump power dependence, as well as tuning of the SHG
spectra through variations in both the waveguide geometry and the temperature. Chapter 6 reports
measurements of time-frequency entangled photon pairs generated from the PPLN waveguides
using SPDC, with a high Coincidences-to-Accidentals Ratio (CAR) at high pair brightness, a
low value of the conditional self-correlation function [gg) (0)], and high two-photon energy-time
Franson interferometric visibility, which demonstrate the high quality of the entangled photon

pairs and heralded single photons.



Chapter 2

Thin-film Lithium Niobate

2.1 Lithium Niobate

Lithium niobate (LiNbQO3) is a human-made dielectric material that is first grown in the
single crystal form by Czochralski technique in Bell Laboratories in 1965 [31]. Details of its
growth, crystal structures and domain structures were reported in the subsequent publications
in 1966 [32, 33, 34, 35, 36]. It has a trigonal crystal system which exhibits ferroelectricity,
piezoelectricity, pyroelectricity, the Pockels effect, and second-order optical nonlinearity. The
versatility of lithium niobate makes it widely used in a broad range of applications including
electro-optic modulators, surface acoustic wave devices, optical frequency doublers, and optical
parametric oscillators. In particular, lithium niobate is the material of choice as nonlinear photonic
devices owing to its large electro-optic coefficient (r33 ~ 31 pm.V~! at 633 nm) [37], strong
second-order nonlinear coefficient (d33 ~ 27 pm.V~! at 1064 nm) [38], and broad transparent
window (350 nm - 5 ym) [39]. According to a recent industry report [40], the global market
estimate for lithium niobate modulators may reach to $36.711 billion by 2026, increasing from
$6.568 billion in 2018. Therefore, research into improving lithium niobate photonic devices may

translate into technological advances and societal benefit.



2.1.1 Waveguides in Lithium Niobate

Fabrication of waveguides in LN is crucial for its applications in integrated photonics,
which require low power consumption, small device footprint and reduced fabrication cost. The
essence of waveguide formation in a material is to increase the light confinement in a certain
region (known as the core), by introducing an index difference between the waveguide core and
the cladding material. In bulk LN, this is usually achieved by Ti in-diffusion or proton exchange,
and the fabricated waveguides are called channel waveguides. In the Ti in-diffusion process,
Ti diffuses in to the LN crystal as a results of cationic migration, from a thin-layer of Ti strip
deposited on the surface of the crystal. Through thermal annealing (at temperatures from hundreds
to a thousand degrees Celsius), the Ti strip first oxidizes and forms TiO;, then Ti*t ions diffuses
into the crystal and occupies vacant Li and Nb sites [41], while simultaneously LiT and Nb>*
diffuse into the TiO; strip. The formed waveguide has a bell-shaped refractive index distribution
in both the lateral and in-depth directions, with an increase in both the ordinary and extraordinary
refractive indices of An, < 0.04 and An, < 0.02 [42]. Therefore, Ti in-diffused LN waveguides
provide light confinement for both TE and TM modes. Proton exchange is another conventional
technique to fabricate waveguides in LN. During this process, LN crystal is immersed in a proton
source, which is usually an acid or hydrate melt, and heated for several hours at temperatures
varying from 150 to 300 degrees Celsius. Under these conditions, Li* ions are replaced by H
protons, and thus introduces an increase in the extraordinary refractive index (An, ~ 0.1) and a
reduction in the ordinary refractive index (An, ~ —0.05) of the crystal [42]. Proton exchange
is usually complemented with a post-annealing step to improve the nonlinear and piezoelectric
properties of the crystal, which are degraded in the standard proton exchange process [41, 42].
Compared to the Ti in-diffused waveguides, the proton exchanged waveguides can only guide
one single polarization, which places a certain limitation for applications.

Waveguides in LN crystal can also be formed by plasma etching combined with Ti in-

diffusion [43] or proton exchange [44], precision diamond saw cutting [45], and wet etching [46].



(a) 5—-10 ym (b) 5—10 um
—

Figure 2.1: Cross sections (not to scale) of Ti in-diffused (a), proton exchanged (b) and ridge
(c) waveguiding structures in bulk LN. PE: Proton exchanged.

These ridge waveguides provide a stronger light confinement compared to the channel waveguides
through the large refractive index difference between the waveguide core (LN, n, ~ 2.2) and the

cladding material, which is often air (n = 1) or SiO; (n ~ 1.44).

2.2 Lithium Niobate On Insulator

Although waveguides in bulk LN bring a certain degree of light confinement, the mode
area is still quite high (> 25 um?), which results in large bending radii, high half-wave voltage-
length product (VL) for electro-optic modulators, limited conversion efficiency for nonlinear
optical devices, compromising footprint and integration density of the fabricated devices [47, 48].
To overcome these drawbacks, in the past two decades, extensive research efforts have been
devoted to the development of thin-film LN. In 1998, 10 um thick free-standing LN films
were demonstrated by Levy et al. [49] through crystal ion slicing. These single-crystal films
were proved to have the same dielectric and pyroelectric properties at room temperature, and
ferroelectric transition temperature as the bulk crystals. Subsequently, a 0.68 um thick LN
thin-film was produced and bonded to a LN substrate over an area of ~ 1 cm? [50]. In 2010,
wafer-scale (3-inch diameter) LN single-crystal films of 0.76 um thickness was reported by Hu et
al. [51]. Inspired by name of silicon on insulator (SOI) wafers, which are also fabricated using

ion slicing and layer transfer, the resulting material platform is called lithium niobate on insulator



(LNOI). Later in 2013, researchers from CREOL demonstrated 3-inch LNOI wafers with Si
substrates, paving the way heterogeneous integration of TFLN devices with the traditional Si
photonic devices. Nowadays, optical-quality LNOI wafers with sizes up to 6 inches are available

from several vendors [52, 53, 54], accelerating the development of this platform.

(a) (b)

(c) (d)

Figure 2.2: Cross sections (not to scale) of TFLN (a), dry-etched TFLN waveguides (b),
Si/Si3Ny rib-loaded TFLN waveguides (c¢) and bonded hybrid Si/Si3Ny4 - TFLN waveguides.

2.2.1 Waveguides in LNOI

As is shown in Fig. 2.2(a), in cross section, LNOI wafers consist of a top functional layer,
which is several hundred of nanometers thick TFLN, and the thin film is bonded to Si or LN
substrates with an insulator layer in between. Waveguides in LNOI can be formed by dry etching
[see Fig. 2.2(b)], waveguide rib-loading [see Fig. 2.2(c)], and heterogeneous integration with
Si waveguides [see Fig. 2.2(d)]. In either waveguiding structure, because of the strong light

confinement in both lateral and vertical directions, mode areas as small as < 1 ,umz are achieved,



drastically improving the device performances. For electro-optic modulators, the reduction in
the optical mode size allows for much smaller gaps between the signal and ground electrodes
(without compromising the waveguide propagation loss), and thus about 5-times improvement
has been demonstrated in VL [55, 56]. More than 20-times enhancement has been reported
for the normalized wavelength conversion efficiency of frequency doublers, as the nonlinear
interaction strength is proportional to light intensity in the optical waveguides [57, 13, 58].
Bending radius as small as 10 um has been achieved on the Si-TFLN platform [59], while for
the Ti in-diffused bulk LN waveguides a radius of curvature larger than 25 mm is needed for
negligible bending losses [60]. The LNOI platform enables heterogeneous integration with the
SOI material platforms through direct die bonding [61]. Table 2.1 summaries and compares
different technical properties reported for waveguides based on bulk LN and LNOI material

platform.

Table 2.1: Comparison of technical properties reported for waveguides based on bulk LN and

LNOL
Platform Bulk LN LNOI
Propagation loss
(1550 nm) 0.02-1dB/cm [41] | 0.03 -3 dB/cm [67, 68]
Mode area 5 - 25 um?® [69] ~ 1 um?
Material index contrast An, ~ 0.1 [42] An, =~ 0.7 (Si0,/LN)
Bending radius 30 mm [60] 10 um [59]

Polarization elements such as mode convertors and polarization rotators could be demon-
strated in dry-etched LNOI waveguides, as the strong material birefringence of LN can be
managed to compensate for the structural birefringence of LNOI ridge waveguides. For example,
mode hybridization between the fundamental TEy and TMy mode was observed in microring

resonators fabricated based on x-cut LNOI ridge waveguides [62]. A TE/TM-pass polarizer design
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has been proposed based on x-cut LNOI ridge waveguides, where by varying the ridge waveguide
height, the unwanted polarization would radiate into the slab mode [63]. On the other hand, the
strongly confined optical mode in LNOI based waveguides brings challenges for coupling to
optical fibers. For edge couplers, because of the large mode mismatch between the optical mode
in LNOI waveguides and that in optical fibers, mode size converters are required for efficient
coupling. Typical edge coupling losses for the fundamental TE optical mode of dry-etched
waveguide structures in x-cut TFLN are 5 - 10 dB/facet [64, 10, 58]. Further improvements in the
edge coupling efficiency could be achieved using a bilayer tapered mode size converter, where a
1.7 dB/facet coupling loss has been demonstrated from a dry-etched LNOI waveguide (with a
1 um thick SiO; cladding layer) to a high numerical aperture fiber (MFD =~ 3.2 um) [65]. Grating
couplers could also be used for coupling, which enable wafer-scale optical testing and provide
higher alignment tolerance compared to edge couplers, but at the cost of coupling efficiency
and working bandwidth. To improve the coupling efficiency, often a reflective gold layer is
used, which reflects the optical power radiated towards the substrate. For dry-etched z-cut LNOI
waveguides, coupling loss of ~ 3.5 dB/coupler and ~ 7.1 dB/coupler has been achieved for TE

and TM polarized light respectively [66].
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Chapter 3

Periodic Poling of TFLN

3.1 Poling Setup

In LN, poling is most commonly achieved by the application of a strong electric field
along the ferroelectric z axis of the crystal. During the electric field poling process, new domains
nucleate at the poling electrodes and predominantly grow along the z axis (forward growth),
while at the same time spreading laterally. We consider electrical poling of x-cut TFLN, in
which configuration the surface normal of the film is along the x-axis of the LN crystal. X-cut
TFLN allows for poling with surface electrodes, while poling z-cut TFLN often requires buried
electrodes [70], which is not favorable for low-loss optical waveguide applications due to the
resulting presence of buried metal electrodes in the vicinity of the optical mode. Alternatively,
the poling ground electrode for z-cut TFLN can be formed at the backside of the chip handle,
yet elevated poling temperature is needed to reduce the coercive field of LN and thus the poling
voltage [15]. In addition, x-cut TFLN permits access to the largest second-order nonlinear
coefficient of the crystal (d33) through the TE-polarized optical modes.

Poling of the sample was realized by applying high voltage pulses to the lithographically-

defined surface electrodes. As is shown in Fig. 3.1, an arbitrary waveform generator (AWG) is
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used to create the tailored poling waveform, which is amplified by a high voltage amplifier (HVA).
The high voltage pulse is then applied through a poling circuit to the surface of the TFLN sample,
using two Tungsten needle probes with transformer oil surrounding the probe-pad contact point

and the immediate vicinity of the electrodes.

i Oscilloscope _l

. . . ﬁ
Poling circuit TFLN

(a)

Figure 3.1: Schematic illustration (a) and photograph (b) of the poling setup.

3.2 Mechanism of Domain Growth

Electric-field-driven ferroelectric domain reversal in LN is typically characterized in
four steps [71]: (1) nucleation of new domains, (2) axial growth along the z axis of the crystal,

(3) lateral spread and growth in the x and y directions of the crystal and (4) coalescence of
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neighboring domains. Domain reversal in bulk and thin-film LN is usually observed to start at the
positive electrode [72, 73], which is traced back to the difference in Schottky barriers at polar
surfaces in LN [74]. The nucleation probability of new domains scales exponentially with the
applied field [75, 76]. Therefore, we expect domain nucleation to start only close to the positive
electrode tips. The domain propagation speed is characterized by a pronounced asymmetry,
where the growth in the axial direction is about two to three orders of magnitude larger, than the
spread in the lateral direction. Domains in congruent lithium niobate typically grow in hexagonal
cross sections in the x-y plane, with the y axis of the crystals pointing into the corners of the

hexagon [73].

3.3 Second-Harmonic Microscope Imaging

Perhaps the most popular conventional way to evaluate poling quality is one based on
selective HF etching [14], but the process is difficult to control in thin LN films, and especially
in hybrid devices which include materials, such as silicon dioxide, which are themselves etched
by HF. Moreover, the process of HF etching also damages the LN waveguide itself, and is not
a method that can be used for in-process diagnostics of the same waveguide. In bulk crystals,
confocal Raman microscopy [77, 78, 79] can provide a 3D visualization of domains, but only
offers a depth resolution of about 1 ym, which is too large for the TFLN thickness. PFM is a
standard technique for investigation of surface ferroelectric domain structures with nanometer
resolution. While the PFM amplitude signal can potentially provide depth information for thin
films [80, 81], it is not well-suited for imaging over chip-scale areas as required here in terms
of the scanning speed. Thus, there is need to develop non-destructive diagnostic methods for
studying the poling characteristics of TFLN devices, which provides a quick feedback on the
poling fidelity and guides the optimization of the poling pulse.

Second-harmonic microscope imaging has been used to visualize domain structures in
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thin-film and bulk LN [82, 83, 84, 72, 85, 86, 87]. The technique makes use of the fact that the SH
generation observed in back-reflection (i.e., in the absence of any user-induced phase-matching)
upon surface illumination using femtosecond optical pulses is highly sensitive to local changes
in crystal structure and symmetry. While the technique is well understood in bulk LN, SH
microscopy in thin films is influenced by interfacial reflections and resonant enhancements, which
depend on film thicknesses and substrate materials. Here, we use a SH microscope to image the
domains structures in TFLN, and investigate the imaging contrast mechanism on poled x-cut LN

thin films.

3.3.1 Second-Harmonic Microscope Setup

The setup is shown in Fig. 3.2, in which a femtosecond Ti: Sapphire (95 MHz repetition
rate, < 100 fs pulse length, 25 mW focused power) operating at around 800 nm wavelength was
focused, via an infinity corrected objective lens (50x Mitotuyo Plan Apo, infinity corrected, NA
=0.55; 100x Zeiss Epiplan-NEOFLUAR NA = 0.9), on the sample surface. Depending on the
nonlinear properties in the focus region, second-harmonic light (around 400 nm wavelength) is
generated, which was collected in back-scattering mode using the same objective. The reflected
pump light was blocked by a dichroic beam-splitter and band-pass filters (Schott BG39). The
filtered SH light was detected by a single-photon avalanche diode (MPD, PDM series) connected
via a single-mode optical fiber with a 2.4 um core diameter, which also served as the confocal
pinhole. The optical system provides in vacuum a lateral resolution of about 400 nm and an
axial (depth) resolution of about 2000 nm. It should be noted, that the depth resolution and to a
lesser degree the lateral resolution deteriorates, when focusing into refracting media [88]. For our
experiment this is of no concern, as these effects start to become noticeable, when focusing tens
of microns below interfaces. However, in our experiment we are investigating the TFLN layer
exposed at the surface, which in any case is thinner than the depth resolution. Due to the confocal

configuration, scanning of the sample, rather than the beam, was performed in order to generate a
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“map” of the domain structure. To achieve this, the sample was mounted on a 3-axis piezo-stage
and scanned, whereas the optical beam maintained a fixed focus point. In order to create a typical
2D image, a selected region was scanned with 100 nm step width along the y and z axes of the
TFLN, and 10 ms signal integration time per acquisition point. The step width is chosen to be
smaller than the optical resolution to acquire an image with a resolution limited by the optical

setup rather the step size.

Beam splitter

e Pump
fs-Ti:Sa
800 nm
Half-wave plate | SH signal
) Sample
Polarizer Low-pass filter /

W- . ] .

532 nm Photon counter WA I 3-axis stage

Figure 3.2: Schematic illustration of the SH microscopy setup.

3.3.2 Simulated Second-Harmonic Signatures

Figure 3.3(a) shows an as-measured second harmonic image taken around two electrode
pairs after applying four consecutive poling pulses to a hybrid (bonded) Si-TFLN waveguide,
as shown in Fig. 3.8(a). For comparison Fig. 3.3(b) shows a simplified sketch of this region
highlighting the scan area in relation to main features. In this sketch, unpoled regions are colored
in grey, while poled regions are colored in orange. As the sketch Fig. 3.3(b) suggests, the second
harmonic image can be divided into three main sections: the electrodes, the unpoled, and the
poled regions. Further, the Si waveguide is visible as a line with decreased, but nonzero intensity.
For visibility it is highlighted by a red border. The electrodes, which are highlighted by yellow
lines, provide no SH signal, as the metal is not transparent and has no x(z) nonlinearity at this
wavelength. The unpoled regions of the TFLN provide a homogeneous SH signal level due to

the intrinsic nonlinearity of LN. The poled regions feature the general trapezoid shape with a
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broader base close to the positive electrodes as described above, but an additional substructure
with broad dark areas surrounding bright areas is also observed. To understand these observations,
the contrast mechanism in the system needs to be considered.

In general, the pump light will generate second harmonic generation in forward (FW), i.e.
propagation in the same directions as the pump beam, or backward (BW) direction, as shown
in Fig. 3.3(c). BW and FW generated SH light is characterized by different phase matching
conditions and therefore coherence lengths for the SHG process (FW: Ak = ksy — 2kys; BW:
Ak = ksp + 2k [84]). Taking the extraordinary refractive indices of lithium niobate at the pump
and SH wavelength into account, this results in a coherence length of /¢, pw ~ 44 nm for BW
scattering and Ic, pw ~ 1275 nm for FW scattering. If BW scattering is the only dominant process
in SH microscopy of the TFLN, one will expect a dark contrast for two stacked domains of
opposing direction almost independent of their relative thickness. This is similar to previous
observations of stacked domains in a similar geometry, where reference beams [86] or reference
samples [89] can be used to visualize domains or domain polarity, rather than domain walls.
However, in the thin film geometry, the FW generated light will also be detected in the backward
direction due to reflections at the LN/SiO; and SiO,/Si1 interfaces. The SH intensity scales
quadratically with the interaction length. The interaction length for FW generation is more than
10 times longer, than the coherence length of BW generation, and also is more than twice the
thickness of the TFLN. Therefore the FW signal will be more than 2 orders of magnitude larger,
compared to the BW generated SH light. Based on the refractive indices at 400 nm, the reflectivity
at the interfaces can be estimated at 0.05 for the LN/Si10; interface, and up to 0.34 for the Si/SiO»
interface, due to the high index of Si at 400 nm (up to 5.57) [90]. This presents an explanation for
the large intensities, we observed in SH microscopy from the TFLN.

The importance of reflected signal from the bottom layer also can explain another obser-
vation in the data. Although the waveguide is below the layer, its presence is clearly visible by a

drop in SH intensity in the scan, which can only be explained if light interaction with the layer
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below the film contributes to the detected signal. Here, the only 320 nm wide waveguide will

partly diffract, scatter and absorb the FW generated SH signal, leading to a reduction in intensity.

Table 3.1: Refractive indices of the materials used in SH signature simulation.

Wavelength LN (ne) Si0, Si
800 (Pump) 2.1755 1.4533 3.6941 + 0.0065435i
400 nm (SH) 2.3321 1.4701 5.5674 + 0.38612i

The coherence length for FW generated light is longer than the TFLN thickness. Therefore,
the FW generated light can coherently and continuously interact over the complete thickness
of the film. For a growing domain with thickness d (Fig. 3.3(c)), a continuously decreasing
signal with a minimum at about half the film thickness may be predicted. This is consistent with
our observation of a gradual decrease and increase of signals in the regions which we suspect
are only partially poled. It should be noted that the sensitivity for the inversion depth is purely
dependent on the coherent nature of the nonlinear process, and is at first order not dependent on
the diffraction limited depth resolution of the optical system.

To confirm this prediction, we have modeled the nonlinear response for a partially poled
film in back-reflection based on a model and code developed by Sandkuijl et. al. [91]. Refractive
indices used in the calculations are summarized in Table 3.1 [92, 93, 94, 95]. The model can
describe the nonlinear response from an arbitrary (2 distribution in the focal spot of a pump
beam, using full three-dimensional vectorial calculations. The model also includes the effects
of reflection, as well as includes reflection from planar interfaces for fundamental and SH light
treated in a transfer matrix formalism. For more details on the code and calculation methodology,
the original work by Sandkuijl et. al. [91] should be concerned. In our calculation we assume
a numerical aperture of 0.55, illuminated with linear polarized plane waves. The polarization

is aligned parallel to the z axis of LN and the focus is placed at the center of the LN layer. For
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simplification the (2 of LN is only represented by a single tensor element ds3, which is similar
to our experiment. Due to the low order NA, the amount of non-x polarized components in the
focus spot is minimal. The model includes a 600 nm film of lithium niobate on a 3.2 ym SiO;
layer, with a silicon substrate, similar to our structure as shown in Fig. 3(a). The waveguide is
currently not included in the model, as the calculation can only treat reflections between infinite
interfaces orthogonal to the beam propagation. All materials are described with their respective
refractive indices at the fundamental and SH wavelength (LN(e): ny = 2.1755, ngy = 2.3321;
Si0;: ny = 1.4533, ngy = 1.4701; Si: ny = 3.7, ngg = 5.57) [90, 94, 93]. In the simulation, the
depth d of a domain with —x(z) is increased in 10 nm steps in the TFLN, as shown in Fig. 3.3(c),
and the SH intensity collected by the objective in backscattering is calculated. The simulation
result is normalized to the maximum intensity observed for a fully inverted (x = 1) or non-inverted
(x = 0) domain. The result is depicted in Fig. 3.3(d) and shows a gradual decrease of the SH
intensity to a minimum of 15% for a roughly 50% inverted film. The decrease is not symmetrical,
which suggests a more complex interplay of reflections, resonant enhancements or phase matching.
The weak oscillations, for example, are consistent with a period of about 90 nm hinting a BW
phase-(mis)-matched process being responsible for parts of the signal.

The simulation suggests that SH microscopy may be able to detect the inversion depth
non-destructively and with high resolution, i.e. line scans as displayed in Figs. 3.3(e) and (f), may
be interpreted as partly inverted films as in Figs. 3.3(g) and (h). Detailed investigation of this
process is reported in Ref. [96]. where extensive simulations confirm that generated SH signal
from thin poled films allows to unambiguously distinguish areas, which are completely or only
partly inverted in depth. In addition, effects of film thicknesses, handle materials and limits of

this method were also discussed.
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Figure 3.3: (a) Typical SH microscopy scan result of a poled sample. For clarity the waveguide
and electrodes are highlighted in red and yellow, respectively. (b) Sketch of the imaging and
domain geometry of the scanned region in (a). Poled regions are marked in orange, while unpoled
lithium niobate is colored in gray. (c) Not-to-scale cross-section of the sample highlighting the
involved processes, i.e. BW SHG, FW SHG and reflections at the interfaces. (d) Simulated SH
signal for a varying relative domain depth x. (e)-(f) Line scans of the nonlinear signal taken
along the lines highlighted in (a). (g)-(h) Sketches of the suggested depth profile of the domains
estimated from the simulation results in (d).

3.4 Poling Monitoring

As is demonstrated in the previous section, SH microscopy provides information of

the local texture, poling depth as well as uniformity of individual domain structures of the
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TFLN. Except for SH microscopy, in-situ second harmonic generation (SHG) measurement
has also been used to evaluate the poling fidelity [13], but it requires knowledge of the phase
matching conditions before poling. Missey et al. [97] and Grilli et al. [98] have presented in-situ
visualization of the domain formation process in bulk LN, while the demonstrated resolution was
on the order of tens of microns. Karlsson et al. [99] developed a real-time poling monitoring
technique, based on the electro-optic effect in ferroelectric crystals. This technique has been
successfully demonstrated in the poling process of bulk KTP and RTP [99, 100, 101]. However,
poling monitoring of TFLN has not yet been presented. Here we implement this technique in LN
thin-films, and prove that it provides us the poling information path-averaged along the entire
waveguide structure. This useful data may improve the tailored development of optimized poling

recipes and result in improved device structures.

3.4.1 Concept

A schematic illustration of the fabricated device is shown in Fig. 3.4(a), with the stitched
microscope images of a fabricated device shown in Fig. 3.4(b). The TFLN waveguides were
fabricated using the oxide-bonding process we have previously described in detail for ultra-high
RF frequency electro-optic modulators [61]. Two sets of electrodes, labeled poling and monitoring
electrodes in Figs. 3.4(a) and (b), were fabricated by photolithography. In cross-section, the
electrodes consist of a 10 nm Cr adhesion layer deposited on TFLN, followed by a 100 nm Au
layer. For this study, we fabricated poling electrodes with a uniform 5 um period, and with
different duty cycles (the fraction of the period that is covered by Au) ranging from 25% to 50%.
The separation gap between the two opposing electrode “teeth” facing each other [see inset of
Fig. 3.4(b)] was defined by lithography to be 10 um, based on an estimate of the critical field
required for initiating poling (described further below). The center of the optical mode in the
hybrid waveguide is placed closer to the positive poling electrodes, which allows the optical mode

to see the most uniformly inverted region, based on insights in poling thin films [102]. Fig. 2
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depicts the simulated electric field distribution in the poling region with 400 V applied to the
monitoring electrodes. As shown in Fig. 3.5(b), the optical mode sees relatively uniform electric

field in both the poled and unpoled area during the monitoring steps.
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Figure 3.4: (a) Schematic illustration of the poling monitoring process. (b) Top-view optical
micrograph of the fabricated chip, which includes hybrid Si-TFLN waveguides and two sets of
poling and monitoring electrodes.

Hybrid Si-TFLN waveguides were used to couple light into and out of the chip. Continuous-
wave laser light at 1550 nm wavelength, polarized at 45° to the x and z axes of the TFLN microchip
(see Fig. 3.4), was launched along the y axis, through the hybrid Si-TFLN waveguides. Tapered
lensed fibers were used to couple light to the chip. When a voltage was applied to the electrodes
(inducing an electric field along the z axis), the electro-optic effect rotates the output state-of-
polarization (SOP) of the transmitted light. We quantified the change in the SOP by transmitting
the light through a fiber-coupled polarizer and measuring the power on a photodiode. The voltage
(linear) ramp was synchronized to the photodiode readout, so that the resulting waveform could

be observed and interpreted as an “oscillation” (or lack thereof) of the recorded output light power
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Figure 3.5: Numerically simulated electric field distributions (all shown in £, component) with
400 V applied to the monitoring electrodes (not shown here). (a) E; distribution in the y-z plane,
at a slice through the middle of the TFLN region. (b) E; variation in the z direction along the
two dashed lines shown in (a). Simulated E field intensity of the fundamental TE optical mode
is overlaid in the plot, which shows the electrical field distribution seen by the optical mode. (c)
E. distribution in the x-z plane.

(Pout) versus (probe) voltage.
Analytically, Py, depends on the total phase retardation between the x and z components

of the light (I'), and can be expressed as [100]:
Poyt o< (1 —cosT), 3.1

where, in bulk LN, I" is described by [100]:

21 21 n n n n
['=—(n;—ny)L+ - E: K—xm — —Zr33> (L—x)— <§xr13 - Ezr33> X}

A 2 2
2n 2n n’ n3
= T(nZ — nx)L+ TEZ (?I’B - ?Zr33) (L — 2x). (3.2)

E, is the magnitude of the electric field applied for monitoring in the z direction, L is the total
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length of the poling region, x is the length of the inverted domains, ny, . is the refractive index
in the x or z polarized direction, rj3 and r33 are the electro-optic coefficients of LN, and A is the
wavelength of the input light. The poling duty cycle (&) is defined as & = x/L x 100%.

The physics of Eq. (3.2) describes the differential phase accumulation between the two
interfering field components, which translate, in the context of TFLN waveguides, to the (quasi-)

TE and TM polarized lowest-order modes. Thus, in our experiment,

2n 2n
0= 220l - L+ 2 {[AnTE(E) ~ AT (L) + [AnTE ()~ AT (- E2) ).
(3.3)
{TE, T™M} : . .
where An g ({E;, —E_.}) is the fundamental TE or TM mode index change in the unpoled or

poled region, respectively. Note that, here, the sign reversal of the electric field is equivalent to that
of r13 or r33, because AnI{JTNE ™} (E;))=-1/ 2n%z7 733, 131 £, for the TE and TM polarizations,
respectively.

In the case of unpoled bulk LN (x = 0), as one applies a linearly-increasing E field, i.e., a
voltage ramp, the measured P,y would behave as 1 — cos{I” 4+ I[E,(r)]}, where I" and ['[E,(¢)]
are the phase differences caused by the modal dispersion and the electro-optic effect, respectively.
During poling, the oscillation gradually disappears as  increases from 0 up to 50%, and then
appears again as the poling duty cycle increases further. This is because the phase retardation in
the inverted and uninverted domains will be mutually cancelled out if L = 2x (i.e., duty cycle =
50%), which results in I'|E,(7)] = 0.

In the hybrid Si-TFLN waveguides, AnifoE ™) (E;) # -1/ Zn?Z’ 0733, 13} Bz Therefore,
we used a finite-difference eigenmode solver to simulate the waveguide cross-section and calculate
the effective indices. Figure 3.6(a) depicts the cross section of the hybrid Si-TFLN waveguide
used in the simulations. The axial components of the calculated Poynting vector (i.e., along the

propagation direction) for the fundamental (quasi-) TE and TM lowest-order modes are shown in

Fig. 3.6(b). The hybrid waveguides are designed so that the optical mode is laterally confined in
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Figure 3.6: (a) Schematic cross section of the hybrid Si-TFLN waveguide. (b) Simulated TE
and TM mode Poynting vector components along the direction of propagation at 1550 nm. (c)
Calculated TE and TM mode refractive index variation as a function of the applied electric
field in hybrid Si-TFLN waveguides (solid line) and bulk LN (dashed line). (d) Calculated
1-cos[['(E;)] as a function of the applied electric field with different poling duty cycles.

the Si waveguide while most (75% and 85% for TE and TM mode, respectively) of the power
resides in the LN region. Such a structure provides a nearly linear relationship between the
mode refractive index variation and the applied electric field in the hybrid Si-TFLN waveguide,
which is very similar to that of the bulk LN [see Fig. 3.6(c)]. Therefore, when exactly half of the
sample is poled, we expect that the measured monitoring signal will be almost flat as a function
of the monitoring voltage, the same behavior as seen in bulk LN [see Fig. 3.6(d)]. The slight
nonlinearity of Ang with respect to E; in Fig. 3.6(c) is because the portion of light confined in
the LN region, relative to the surrounding materials, changes with the applied voltage. However,

this effect is minor, and the trend shown in Fig. 3.6(c) appears linear, for all practical purposes.
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3.4.2 Bonded TFLN Poling and Monitoring

The voltages required for poling TFLN are generally less than 1 kV, which is much
smaller than for poling conventional LN waveguides. No special holder was required; however
the device was poled with transformer oil surrounding the probe-pad contact point and the
immediate vicinity of the electrodes along the entire length of the waveguide, which helped
prevent arcing and electrode breakdown. We applied a sequence of 500 V or 600 V pulses to
the poling (electrical) circuit using a high voltage amplifier (HVA) as shown in Fig. 3.7(a). We
choose a commonly-used poling voltage waveform [see Fig. 3.8(a)], i.e., a rapid ramp-up of the
poling voltage to a value higher than voltage required to exceed the coercive field strength (here,
calculated to be about 210 V), which initiates the generation of nucleation sites, followed by a
slow ramp-down of the poling voltage, which stabilizes the newly-formed domains (in analogy
with the known mechanisms in bulk LN [75]).

The optical monitoring technique was included as part of the poling setup, as shown in
Fig. 3.7(a), which allows diagnostics of poling without removing the chip from the setup. (In
these experiments, however, the chip was removed and replaced, in order to perform microscopic
imaging of the domain walls using second-harmonic microscopy. Exact re-positioning of the
sample was not achieved, resulting in some mis-alignment in the visual appearance of successive
traces, as evident in the figures. These do not significantly affect either the results or the
interpretation.)

A linearly-increasing voltage waveform i.e., a ramp, with a minimum at O V and a
maximum at 400 V over 50 s was applied to the monitoring electrodes, and the output light
power was recorded by a multimeter. Traces were recorded before poling was initiated, and were
also recorded after each poling pulse. By comparing the magnitude and number of oscillations
in the measured monitoring signals, we can infer how much of the LN has been poled; the
oscillations (as a function of probe voltage) are expected to nearly completely disappear when

exactly one-half of the LN is poled, and are expected to be clearly evident both for under-poling
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and for over-poling.

(a) Polarization Polarization In-line fiber
controller / controller  polarizer
Lgser m—é—g— L ——— Detector
diode \
45° pol
Highvoltage @ Poling . :
= amplifier sl g (OSISEERDE Multimeter
(b)
V‘ T \Y i
t t o
Validat
Poling =—————= Poling monitoring L oL SH imaging
A Feedback |

Figure 3.7: Schematic illustration of poling and poling monitoring setup (a) and the measure-
ment process (b).

3.4.3 Results and Discussion

The measured poling voltage and current waveforms are shown in Fig. 3.8(a), the optical
monitoring signals are shown in Fig. 3.8(b) and the domain-wall images using SH microscopy are
shown in Fig. 3.8(c), after a certain number of poling pulses were applied. For these measurements,
the length of the poling electrode was L = 0.95 cm, with 5 um period and 35% duty cycle. Four
500 V and twelve 600 V pulses were applied to this sample in total. In these experiments, the chip
was removed and replaced, in order to image the gradual growth of the inverted domains after
each poling pulse, while the scanned area was kept the same. Exact re-positioning of the sample
was not achieved, resulting in some mis-alignment in the visual appearance of successive traces,
as evident in Fig. 3.8(c). These do not significantly affect either the results or the interpretation.
However, not all the applied pulses made notable contributions to the poling process, which

will be explained further below. The TFLN used in this experiment was commercially acquired
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(NanoLN, Jinan Jingzheng Electronics Co., Ltd.) and is single-domain film before poling.

As shown in Fig. 3.8(a), a large current spike was measured during the first voltage pulse,
which suggests most of the nucleation cites have been generated near the electrode that carries
the positive charge. The recorded monitoring signal (Fig. 3.8(b), solid red line) shows fewer
oscillations compared to what was measured before poling (Fig. 3.8(b), solid purple line). This
suggests that some of the domains have propagated, upon application of the poling pulses, to
the physical region of the LN film where the optical mode sits. This agrees well with the SH
images shown in Fig. 3.8(c), where red and yellow solid lines were added manually to outline the
Si waveguides and the poling electrodes respectively.

After the fourth poling pulse, the oscillations in the monitoring signal further decrease,
which suggests that the poled area grew more into a region shared with the optical mode; this
is confirmed by the SH image. We observed a decrease in the poling voltage on the sample
after the first poling pulse, when keeping the output voltage from the high-voltage amplifier
constant at 500 V. This may be because the generation of domain walls may have increased
the conductivity of the TFLN [103, 104]. This may also explain why we did not observe a
noticeable domain growth in the z direction until we increased the poling voltage from 500 V
up to 600 V. Oscillations in the monitoring signal almost disappeared after the sixth poling
pulse, which indicates the desired end-point of the poling process at which about one-half of the
LN region, as sampled by the guided optical mode itself, has been poled. Note that this does
not mean that the poling duty cycle is 50% everywhere, and indeed, the SH image of a certain
portion of the waveguide shows that the area near the positive electrodes is slightly overpoled,
while the other side stays underpoled. For this experiment, we proceeded to pole further, and as
expected, the oscillations are once again clearly measured. This demonstrates the usefulness of
the optical monitoring method in non-destructively measuring the poling characteristics of TFLN
waveguides.

Here, to better evaluate the consistency of the two methods, we extract the poling duty
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Figure 3.8: (a) Measured poling voltage and current waveforms. (b) Recorded poling monitor-
ing signals. (¢) Second-harmonic confocal microscope images, after the indicated number of
poling pulses were applied.

cycle (€) by fitting the measured monitoring signals, based on the following equation:
Pout = A X (1 —cos [AGin(Em) +AD(Em) +6]) +C. (3.4)

Poy is the recorded monitoring data, Adi, (Em) and AQ(Eyy,) are the phase differences between the
TE and TM mode in the inverted and uninverted regions, assuming the poling duty cycle is &p,
which are calculated based on the simulation results from Eq. (3.3). The fitting parameters are A,
0, &m and C. Note that to extract these parameters, we also need to know the actual electric field
(ER) in the monitoring region. Here, ER was calculated by fitting the recorded monitoring signal
before poling. A good agreement is obtained by setting Er = 3.5 kV/mm in contrast with the
simulated value E; ~ 7.2 kV/mm [see Fig. 2(b)]. This discrepancy may come from the differences
in the actual waveguide structure and material properties compared to the assumptions made in

the simulation, which did not take into account finite conductivity of the electrodes, imperfect
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contacts, or other sources of the voltage loss. In addition, 400 V was the output voltage from
the HVA, the voltage applied on the sample is approximately 350 V. For the four poling pulses
shown in Fig. 3.8, the predicted poling duty cycles are 20%, 29%, 64% and 75%. Substituting
these parameters in Eq. (3.4), we were able to reproduce the measured monitoring signal after
each poling pulse (Fig. 3.8(b), dashed green lines).

In agreement with the monitoring data, the nonlinear images in Fig. 3.8(c) show a gradual
increase of the poled area after each pulse. A particular large increase can be seen at pulse 6
compared to the previous images, as the voltage was increased. Assuming this local SH image is
representative of the complete device, the images can be used to estimate the poling duty cycles.
We numerically define and calculate the poling duty cycles based on the SH images as

Ao NAij

&;SH = x 100%. (35)

Aog is the area where the optical mode sits; this area was defined here as the geometrical
rectangle that extends -2 um from the center of the Si waveguide. Aj, is the area that represents
the inverted region, which is the area outlined by the boundaries of the inverted domains as
identified by SH microscopy. This formula itself can provide an estimation of the duty cycle, if
an area (that overlaps with the optical mode) is completely inverted, i.e., the measured SH signal
level is similar to the unpoled regions, and a thin boundary to an uninverted region is observed.
Note that, as is mentioned above, the prerequisite for applying Eq. (5) to the measured SH images
is that the local SH image is representative of the entire structure, i.e., the uniformity of the
poled regions is fairly good along the y axis of the TFLN. In our experiment, these conditions
are satisfied only after the sixth voltage pulse, where all depicted inverted regions in the image
show a comparable width and general appearance. In contrast to this, for the preceding pulses
each inverted region has a unique shape, width and appearance, rather than a similar shape. For
example after the first pulse, some areas around the waveguide have already been completely

inverted as shown by the SH images, while other areas are only partly inverted and to a varying
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degree. Therefore, for the pulses before the sixth pulse, we can only estimate an effective duty
cycle of less than 50% as an upper boundary, which is in agreement with our observations from
the monitoring signals. The interpretation of the SH contrast mechanism, as explained in Sec. 3.2.,
suggests that it may be possible to extract an approximate depth of the inverted domain from the
signal decrease of the SH signal level. This mechanism, combined with optimized poling recipe
(better poling uniformity), might allow us to estimate an effective duty cycle for partly inverted
structures. However, further investigations are necessary to understand the detailed mechanisms
and influence of different parameters, such as the signal decrease due to the waveguide or oxide
and TFLN thicknesses, which is beyond the scope of this work.

The SH images indicate the inhomogeneity of the inverted domains along the z axis. To
improve the poling process further, there are a number of steps that could be taken. We conjecture
that poling homogeneity in the z direction can be improved by using a thin insulation layer to
prevent domain spreading in the y direction [105]. Narrower poling electrodes, with a smaller
duty cycle, in combination with shorter and higher poling pulses may also help in achieving
uniform poling.

Figure 3.9 compares the &, values with the calculated &gy values, where &, shows a
clear transition from under-poling to over-poling. Despite the small areas of the SH scans, the
results from the two methods are in agreement with each other, which indicates a comparable
domain structure over the complete sample. SH images were not recorded after the eighth, nineth,
or eleventh through fifteenth voltage pulses, because these pulses were applied consecutively,
without stopping the experiment to remove and measure the microchip in the SH setup as
previously observed changes were only minor. All the corresponding SH images are presented in
the Appendix.

In this section, we showed gradual poling of bonded hybrid TFLN waveguides using
a series of voltage pulses between 500 V and 600 V, and we developed and demonstrated an

electro-optical monitoring technique for suggesting the ideal end-point of the poling process,

31



100

~ @ Capy Under-poling Over-poling

> 80 i 1

7 T S —

0 L ™ ti:::t:::.‘.‘J.'.'fff,'.'.'f,‘,‘.:".'.‘.'.'.l",1.‘.::::::.-_-:::I--n-"f-'f-‘-‘-‘-'-'f-'ff»‘f-'f-‘--i .................... - \(\o i

s €0 8’ D e N S S

> (%) 2 O 2] O ~ 7]

5 IS 2 g 3 2 o o

S4- & L T g S @ g ¢4« ]

g, 0? e e, . ' ” a

S ing points

S 201 . ping p ,
0 Poling voltage: 500 V Poling voltage: 600 V —

Figure 3.9: Comparison of the predicted poling duty cycles () inferred from the recorded

monitoring signals, and the calculated poling duty cycles (§sy) based on the measured SH

images.
i.e., how many voltage pulses should be applied. Here, the predictions of the optical monitoring
technique were validated by the second-harmonic images. This technique, combined with second
harmonic microscopy can provide us both local and global information of the poling results, and
thus yield useful data that may improve the tailored development of optimized poling recipes
and improved device structures. This technique can also be used together with conventional
monitoring techniques such as readout of the voltage and current characteristics, and second
harmonic generation measurements. Additionally, in contrast with HF-etching based diagnostics,
all of these methods are non-destructive. We believe the techniques and results presented here will
benefit and accelerate the development of integrated quasi-phase-matched structures in integrated

photonics incorporating thin-film lithium niobate.

3.5 Poling Waveform Optimization

In the previous sections, we have shown two different poling diagnostic methods, and
demonstrated their potential provide guidance and feedbacks for poling pulse optimization.

Optimal poling waveform is the key to achieve high-fidelity poling, i.e., to fabricate uniformly
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inverted domains with 50% duty cycle. As a starting point for the subsequent optimization, a
standard poling voltage waveform was chosen here, i.e., an initial rapid ramp-up of the voltage to
initiate the generation of nucleation sites, a hold of the voltage above the coercive field strength for
about 1 ms, and then a slow ramp- down of the voltage to stabilize the newly formed domains, as is
shown in Fig. 3.10. Specifically, we investigate poling of 5 mol% magnesium oxide (MgO) doped,
300-nm thick x-cut lithium niobate on insulator (LNOI), as is used for device demonstration,
which will be discussed in the following chapters. In our experiments, we use one single high
voltage pulse for poling, with the poling gap fixed at 20 um. Note that it is by no means the
only combination to achieve successful poling, and high-fidelity poling with multiple pulses and

different gaps have been shown in other publications [10, 13, 105, 106].
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Figure 3.10: Sketch for the poling waveform used in this experiment.

3.5.1 Simulated Second-Harmonic Signatures

As we have demonstrated in previous sections, SH microscopy is sensitive to the depth of
an inverted domain [107]. This can be easily understood if two domains of different orientation

are stacked vertically, the SH signal generated in each of these vertically stacked domains will
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destructively interfere, leading to a decrease in the generated SH signal compared to that from a
completely inverted or unpoled region. In a fully inverted domain, only the dark lines belonging to
the domain transitions are expected to be seen. To show the contrast mechanism of SH microscopy,
we have modeled the nonlinear response for a partially poled film in back-reflection based on a
model and code developed by Sandkuijl ez al. [91], which was adapted and applied to the LNOI
geometry considered here. The simulated SH signatures of different domain structures are shown
in Fig. 3.15. Note that only vertical or horizontal domain walls are considered here (300-nm
thick x-cut LNOI). Discussions about more complex domain geometries, e.g. angled structures or
hexagonal cross sections, can be found in Ref. [47]. As shown in Fig. 3.15(a), when simulating
the SH response across a single, vertical domain wall, a drop in the SH signal is observed, as
the generated SH light in the inverted region interferes destructively with that in the uninverted
region. To achieve high nonlinear conversion efficiency, the poled domains have to penetrate the
complete film thickness. To consider this, we have simulated the SH response from a thin film
with a horizontal domain transition with growing domain penetration depth hpw. In this case,
a continuously decreasing signal with a minimum at about half the film thickness is predicted,
as the forward generated SH light coherently and continuously interacts over the complete film
thickness. The decrease is not symmetrical though, which is due to the interplay of reflections,

resonances and phase matching, and this has been discussed in detail in Ref. [47].

3.5.2 Challenges

Figure 3.12 summaries SH images of samples with different poling conditions. Fig-
ure 3.12(a) is an SH image generated from an unpoled area. As is consistent with the previous
simulations, we measured uniform SH signals in the un-inverted poling region. In this figure,
poling electrodes are visible as dark stripes and rectangles at the top and bottom of the image
because the electrode material (gold) features no second order nonlinearity in the optical band.

Figures 3.12(c) and (d) present measured SH images from under-poled regions, meaning either not
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SH response from a domain with varying thickness hpw. Relative domain depth is defined as

hpw/h.
all the domains are inverted, or the width of inverted domain is too narrow (narrower than half of
the poling period). In these figures, the domain walls (DWs) appear as dark lines stretching from
the positive to the negative electrodes and the bright regions surrounded by the DWs correspond
to the inverted regions. Under-poling is often either caused by low Vy,x, or short tegr. On the
contrary, the sample will be over-poled [see Figs. 3.12(e)-(f)], meaning width of the inverted
domain is wider than half of the poling period, and adjacent can even merge together, if the
applied pulse is higher or longer than the optimal value. As has been mentioned in Sec. 3.2,
newly-inverted domains are quite unstable, the poling voltage should be ramped down slowly,

otherwise the newly-formed domains will flip back and causes back-poling, shown as the dark

lines in the inverted domains in Fig. 3.12(b).

3.5.3 Optimal Poling Results

Through extensive experiments, it has been proven that poling of LN can be affected by

various factors. For example, the poling electrode material has been shown to have a large effect
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Figure 3.12: Measured SH images over non-poled (a), back-poled (b), under-poled (c)-(d) and
over-poled (e)-(f) areas.

on nucleation site density, and sputtered nichrome was found to produce the most nuclei per unit

area compared to other material, e.g., evaporated aluminum, sputtered chrome, etc. [75]. Shape
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of the poling electrode could influence the domain growth, and tapered finger electrodes were
found to be more appropriate than the standard rectangular finger electrodes to achieve more
uniform domain structures. According to Ref. [108], for domain structures written by SPM tips,
both the temperature and environment humidity could modify the created domain patterns. In
our experiment, we observed a clear correlation between duty cycles of the fabricated domain
grid and the poling electrodes. For the optimization process, we used gold electrodes (with a
thin chrome adhesion layer), with a standard rectangular shape (the actual fabricated electrode
finger was rounded), and the duty cycle was fixed at 35%. All samples were poled at room
temperature, in open air, without active control of environment temperature and humidity. We
mainly investigated influence of the poling waveform on poling fidelity.

To achieve optimal poling, for each poling period, multiple electrodes were fabricated to
optimize the poling waveform. The most critical parameters found in our experiments are the
pulse height (Vax) and the effective pulse length (tefr), or the time duration of the stabilization
phase, as is shown in Fig. 3.10. In this experiment, the pulse height was adjusted iteratively with
a step of 5V, and the effective pulse length was optimized with a step of 0.1 ms and less with the
total pulse length (i) fixed at 30 ms. Through trials and errors, ideal poling is achieved and
the corresponding SH image is shown in Fig. 3.13. In our experiment, the optimal Vy,x varies
in the range of 830 V — 850 V, and teg is around 2 ms. Uniform domains with nearly 50% duty
cycle were fabricated. In addition, the measured SH intensity in the inverted and un-poled region
are almost the same, indicating not just surface domains but domains inverted toward almost the
complete film thickness.

It was observed that the poled domain tapers down over several micrometers toward the
negative electrode and only a tip of the domain reaches the electrode. This can be interpreted
that the poled domain avoids forming highly charged head-to-head domain walls. However,
head-to-head and tail-to-tail domain walls have been observed in bulk LN before [109]. The

behavior close to the positive electrode is less clear. Therefore, further investigations are necessary
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to thoroughly understand the domain growth and charge transfer dynamics in x-cut LN poled

from top electrodes.

5 m

L,

|

Figure 3.13: Measured SH image from a sample with ideal poling.

3.6 Poling with Sub-Micrometer Periodicity

The ability to achieve QPM between counter-propagating waves is essential to the realiza-
tion of a mirrorless optical parametric oscillator (OPO), as has been demonstrated in periodically-
poled KTiOPO,4 (PPKTP) [110], but not yet in periodically-poled lithium niobate (PPLN). In fact,
a poling period (A) of 600 nm or less has been calculated for first-order phase matching in bulk
PPLN waveguides [111]; the fabrication of homogeneous periodic domain structures with such
deeply-sub-micron periodicities that penetrate across the complete waveguide modal area has not
yet been achieved.

In LN, poling is most commonly achieved by the application of a strong electric field
along the ferroelectric z axis of the crystal. During the electric field poling process, new domains
nucleate at the poling electrodes and predominantly grow along the z axis (forward growth), while
at the same time spread laterally. While sub-micron domain periods have been achieved in bulk
LN with this method, the depth of these domain structures are shallow when compared to the usual
depth of waveguides formed in bulk LN (5-10 gm) [112, 113, 114]. Furthermore, achieving sub-

micron QPM periods in bulk LN often requires sophisticated fabrication protocols [115], while for
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larger periods standard lithography process is appropriate. The realization of domain structures
with sub-micron periodicity which is shown in LN is also achievable in KTP [116, 117, 118, 119].

Depending on the wavelength of interest, LN has higher nonlinear optical coefficients
[37] and is available in larger wafer sizes (up to 6 inches) which may benefit the development
of practical photonic devices. Moreover, LN is of considerable interest for device development
because it is also widely used for optical modulators, acoustic wave filters, and memory de-
vices [120, 121, 122, 123, 124]. Over the last decade, single crystalline thin films of LN (TFLN)
have become available on common handle wafers (quartz, silicon or lithium niobate). The small
thickness and the high index contrast of LN on an oxide buffer layer enable the formation of
waveguides with sub-wavelength modal area and tight bending radius, compared to the traditional
Ti in-diffused or proton exchanged waveguides in bulk LN. Such waveguides can support modes
with similar cross-sectional profiles at widely separated wavelengths, which results in a highly
efficient wavelength conversion device [125, 9, 13, 10, 126, 127]. For periodic poling of z-cut
TFLN, the thin-film structure promises much smaller domain periods, since the inverted domains
might have a width as small as the film thickness, which is similar to the penetration depth of
typical sub-micron domain structures that have been formed in bulk LN [112, 113, 114]. However,
poling z-cut TFLN often requires buried electrodes [70], which is not favorable for low-loss
optical waveguide applications due to the resulting presence of buried metal electrodes in the
vicinity of the optical mode. Alternatively, the poling ground electrode can be formed at the
backside of the chip handle, yet elevated poling temperature is needed to reduce the coercive
field of LN and thus the poling voltage [15]. In contrast, x-cut (and y-cut) TFLN can be poled
easily at room temperature using surface electrodes which can be removed after poling [72]. The
electrodes can also be retained, if placed at a sufficient distance away from the waveguide region.
Nevertheless, sub-micron poling of x-cut TFLN remains challenging at the present time, since

narrow domains will spread and may merge before being completely inverted in depth.
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3.6.1 Method

Again, based on the type of wafer that is useful for optical waveguide devices [128], we
studied poling of 5 mol% magnesium oxide (MgO) doped, x-cut lithium niobate on insulator
(LNOI), acquired from NanoLN (Jinan Jingzheng Electronics Co., Ltd.). The material stack for
the LNOI chip is shown in Fig. 3.14(a), which consists of a 300 nm-thick top functional layer
(TFLN) and a 1.8 um-thick buried oxide layer on a silicon handle. Test structures were fabricated
with poling electrodes of 50 um length and various periods ranging from 2 yum down to 600 nm
[see Fig. 3.14(b)]. The separation gap between the two opposing electrode “teeth” facing each
other was designed to be 20 um, based on an estimate of the critical field required for initiating
poling. The duty cycle of the patterned electrodes was fixed at 20%, to pre-compensate for the
lateral spreading of the inverted domains; thus, photolithography provides insufficient resolution
for defining the electrode structure accurately. On the other hand, electron-beam lithography alone
is a relatively slow and serial-write process, not well suited to write large contact pads and long
electrode structures that will eventually be needed. Thus, we developed a two-step lithography
process using both photolithography and e-beam lithography. The latter was used first, to define
the poling electrode “teeth” with high resolution, followed by the metal deposition (15 nm Cr/80
nm Au, deposited by electron-beam evaporation) and lift-off process. The probe contact pads
were then aligned and structured by photolithography, together with a second metallization step
and lift-off process. In cross-section, the contact pads consist of a 15 nm Cr adhesion layer and a
300 nm Au layer. As an example, the inset of Fig. 3.14(b) shows the microscope image of a set
of fabricated poling electrodes with a period of 800 nm. A schematic illustration of the sample
geometry is shown in Fig. 3.14(a). It should be noted that only the positive electrodes have been
structured periodically, while the negative counter electrode is represented by a flat rectangle
with no “teeth”. During our experiments we found no significant differences when using either a
flat or a structured ground electrode. Poling was performed by applying a single voltage pulse,

with transformer oil surrounding the probe-pad contact point and the immediate vicinity of the
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electrodes, which helped prevent arcing and breakdown. The poling pulse waveform, i.e., the
length of the pulse or stabilization phase and the pulse height, was iteratively optimized for each
period by imaging and re-poling. Details about the poling setup as well as waveform optimization

have been discussed in the previous section.

3.6.2 Simulated Second-Harmonic Signatures

As we have demonstrated in previous sections, SH microscopy is sensitive to the depth of
an inverted domain [107]. Although in SH images for structures with sub-micrometer periods, a
periodic pattern can still be seen, the diffraction-limited resolution of SH microscopy (= 310 nm
for 800 nm pump wavelength and a numerical aperture of 0.9) masks further details of the poled
domain structures. In this section, we have investigate domain structures with poling periods
smaller than 1 ym. To determine the influence of optical resolution on the expected signatures,
we have simulated the SH signals when scanning across domains of different width as shown
in Figs. 3.15(a) and (b). For a domain width of 1 ym, which corresponds to a poling period of
2 um, the simulated SH signal reaches minimum at the domain walls and recovers back close
to 1 in the fully inverted (in depth) region. This is consistent with the simulation results shown
in Figs. 3.11(a) and (b). Figure 3.15(b) shows results for a 500 nm-wide domain. Due to the
diffraction-limited resolution of SH microscopy (/= 310 nm for 800 nm pump wavelength and a
numerical aperture of 0.9), the two adjacent valleys in the SH signal at the domain walls overlap
with each other and thus even though the domain is inverted fully in depth, the simulated SH
intensity will not recover to 1 in between the two domain walls. Therefore, in this case we
can not get detailed depth information of the inverted domains based on the SH images. In our
experiment, the structures with periods of 1 ym and less have been analyzed with PFM. The PFM
measurement was performed using a Cypher AFM (Asylum Research - Oxford instruments) in the
built-in Vector-PFM mode, which allows recording of the lateral (torsion motion of the cantilever)

and normal (deflection) PFM signals during the same scan, as is depicted in Fig. 3.14(b).
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Figure 3.14: (a) Exploded representation of the x-cut TFLN with surface electrodes for poling,
where the thin poling finger electrodes were first fabricated using electron-beam lithography,
and the thick probe contact pads were formed by photolithography subsequently. Inset shows the
poling finger electrodes. (b) Microscope images of the fabricated device. As an example, inset
shows one set of poling electrodes with a period of 800 nm. (c) and (d) Schematic illustrations of
second-harmonic (SH) microscopy (c) and piezoresponse force microscopy (PFM) (d) imaging
of the poled sample.
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Figure 3.15: Simulated line scans over 1 um (c) and 500 nm (d) wide domains.

3.6.3 Results

Figure 3.16 shows SH microscope images of domain structures with poling periods of
2.8 um (a), 2 um (b) and 1.5 um (c). In order to create a typical 2D image, a selected region was
scanned with 50 nm and 150 nm step width along the y and z axis of the TFLN respectively,
and 5 ms signal integration time per acquisition point. The poling electrodes are visible as dark
stripes and rectangles at the top and bottom of the image, because the electrode material (gold)
features no second order nonlinearity in the optical band. The domain walls (DWs) appear as dark
lines stretching from the positive to the negative electrodes and the bright regions surrounded
by the DWs correspond to the inverted regions. The calculated duty cycles are 48.8% =+ 1.5%,
44.3% + 3.3% and 51.2% + 4.2% for A = 2.8 ym, 2 ym and 1.5 um respectively. This estimation
is based on line-scans of the SH signal through the middle of the poling region over 20 periods.
Down to the 1.5 um period, as shown in Fig. 3.16, we observe a SH signal of similar levels in the

inverted and unpoled regions nearby indicating not just surface domains, but domains inverted
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towards almost the complete film thickness.

The structures with periods of 1 yum down to 600 nm were analyzed with PEM (the
corresponding SH images are provided in the supplementary material). For scanning a full metal
Ir/Pt tip (Rocky Mountain Nanotechnology, LLC) with a tip apex of about 30 nm was used. The
measurement was performed in resonance-enhanced PFM with an AC signal with an amplitude
of up to = 4 V. For the measurement the long axis of the PFM tip was mounted orthogonal with
respect to the z-axis of the crystal as indicated by Fig. 3.14(d). The measurements of the 1 um
period electrodes show the results obtained in the normal signal channel (buckling motion) driven
at an AC frequency of 234 kHz. The signals of the 800 nm and 600 nm period structures were
obtained after a change of the cantilever and also show the normal signal channel driven at an AC
frequency of 82 kHz. The scan direction was parallel to y-axis of the crystal and the scan speed
for all scans was smaller than 1 Hz with step sizes less than 30 nm.

Figure 3.17 shows the PFM and SH images of a 1 um period electrode structure. Fig-
ure 3.17(a) depicts the measured SH signal, while (b)-(d) show the surface topography (b), PFM
amplitude (c) and phase signals (d), respectively. The topography record in Fig. 3.17(b) shows
an otherwise flat surface with only the poling electrodes at the top and the bottom of the image
being visible. During the measurement it was noted that the Pt/Ir tip removes the gold layer of
the thin poling electrode fingers, so here only a ~ 10 nm surface topography can be seen from
Fig. 3.17(b). This is in agreement with the thickness of the Cr adhesion layer, which appears not
to be affected by the scan. In contrast, the 300 nm thick gold probe contact pad is not removed
by the tip. The removed gold was pushed by the tip outside of the image frame and did not
interfere with the measurement. The PFM phase signal (d) shows a ~ 180° phase shift of the
piezoresponse in domains with opposing directions due to the inversion of the piezoelectric
tensor in poled regions [80], where color orange and purple represents the unpoled areas and
the inverted domains respectively. In contrast, the amplitude signal (c) only shows a contrast

sensitive to the domain transitions. This behavior of the PFM amplitude signal is expected [80].
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Figure 3.16: Typical SH images of poled samples with 2.8 ym (a), 2 um (b), and 1.5 ym (c)
poling period.

Because when the tip is placed above a domain wall, the piezoresponse signal of two adjacent

domains will partly cancel, due to the inversion of the piezoelectric tensor. Further, the measured

PFM amplitude signals in the poled and unpoled regions are quite similar [see Fig. 3.17(c)]. In

analogy to the SH contrast mechanism, the PFM amplitude is expected to be reduced if domains
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of different polarity are stacked vertically[80, 81]. From experiments and theory, it has been
reported that the PFM amplitude signal can provide a domain depth sensitivity of up to 1.7 um
independent of the ferroelectric material [80, 81], which is significantly larger than our film
thickness (300 nm). Therefore, the observation of a DW contrast rather than a domain polarity
indicates—in agreement with the SH results—that the inverted domains completely extend over
the film thickness. Hence, the SH image (a) and PFM amplitude image (c) match well with each
other as can be seen by several identical details. (The scanned area in the SH image is shifted
by 2 periods to the left, compared to the PFM images, as a result of the manual positioning of
samples in different instruments.) It should be noted that our results augment previously-reported
PFM results on x-cut LNOI samples, where no PFM phase images were reported, while the PFM

amplitude images did show a domain polarity contrast rather than a DW contrast [129, 130].
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Figure 3.17: SH image (a), surface topography (b), PFM amplitude (c) and phase (d) images
of a poled sample with 1 ym period.
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Figure 3.18 shows the PFM images from electrodes with periods of 800 nm (column
on the left) and 600 nm (column on the right), where Figs. 3.18(e) and (f) are the zoomed-in
images generated from the areas enclosed by the white dashed lines in Figs. 3.18(a) and (b),
respectively. As observed before, the phase images [panels (c)-(d)] show a ~ 180° phase shift of
the piezoresponse in domains of different polarity, while in the amplitude images [panels (a)-(b)],
it is mainly the domain transitions that can be seen. For the 800 nm period structures, we observe
a mostly similar PFM amplitude in poled domains as in the unpoled areas. This indicates that
the inverted domains do penetrate most of the film thickness as discussed above. For the 600 nm
period structures, the amplitude signal of the wide domains is similar to that from the unpoled
region, but in the narrow domains only a partly recovered amplitude is observed. While the
relatively low amplitude signal measured here may indicate partly inverted domains, on closer
inspection, the zoomed-in amplitude image in Fig. 3.18(e) shows not-completely-recovered signal
in the unpoled area compared to the wide inverted domains as well. This can be interpreted as
that the width of these narrow structures (< 100 nm) is at the limit of the PFM resolution, which
is correlated with the radius of the scanning tip. For bulk single crystalline LN, the estimated
lateral resolution for the metallic tip used here (radius ~ 30 nm) is around 36 nm [80]. The
images of the 800 nm electrode show domain structures of the targeted period, with each domain
reaching the ground electrode. The domain structures with 600 nm period show an interesting
behavior, where every second domain only propagate to about the middle of the poling gap,
leading to a pattern with an effectively doubled period (compared to the designed period) in the
area near the ground electrode. A closer inspection of the 1 ym and 800 nm period structures
already indicates that approximately every second domain is slightly narrower than the two
respective neighboring domains. This behavior is observed in all our poling experiments of the
submicron-period structures, and is progressively more pronounced with smaller periods, which
could only be partly compensated by optimizing the poling pulse form. Therefore, a systematic

interaction of domains is indicated for further study from a physics perspective.
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Figure 3.18: (a)-(d) PFM amplitude and phase images of structures with a poling period of
800 nm (column on the left) and 600 nm (column on the right). (e) and (f) Zoomed-in PFM
amplitude (top panel) and phase (bottom panel) images for the 800 nm and 600 nm period
structures obtained from the areas enclosed by the white dashed lines shown in panels (a) and
(b); Arrows on the bottom indicate the orientation of spontaneous polarization of TFLN, where
upward and downward arrows represent the un-inverted and inverted domains, respectively. (g)
and (h) Fourier spectrum of the PFM phase data acquired from the region shown with the white
dashed lines in panels (c) and (d); f is the spatial frequency, in unit of um~—".
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3.6.4 Discussion

From literature, it is well established that DWs in LN, as well as other ferroelectrics,
are accompanied with various effects[131, 78], such as strain [132, 133], charges and electric
fields [134, 135]. While the length scale of domain transition (defined as the change of sign of
spontaneous polarization) is measured and predicted to be on the order of a few unit cells [136,
137, 138, 131, 139, 140], the accompanying effects, such as strain fields and electric fields, have
been observed to expand over a wide range varying from a nanometer to several microns around
the DWs [131, 78, 141]. In agreement with these length scales, we observe an interaction of
neighboring domains with periods of 1 um and less. Interestingly, we do not just observe a random
pattern of domains, but rather structures with a double periodicity, where every second domain
grows at the cost of its two neighbors. Recently, periodic and quasi-periodic patterns on sub-
micron scales have been observed in domains written by biased scanning probe microscopy (SPM)
tips in polar (z-cut) and non-polar cuts (x- and y-cut) of bulk LN [108, 142]. In a similar manner to
our experiment, for large domain spacing, uniform domain chains were formed with SPM writing,
while as the distance between the adjacent bias application locations gets smaller, domains of
non-equal sizes with a double periodicity were observed. By further decreasing the domain
spacing, domains with a triple periodicity and eventually quasi-periodic and non-periodic patterns
were formed [108]. The origin of these behaviors is believed to be domain-domain interactions
through electrostatic and strain fields, and a theoretical model was developed to generate the phase
diagram of the domain switching behaviors [108]. More importantly, according to Ref. [108],
transitions of these domain patterns from uniform chains to period doubling structures, and then
to quasi-periodic structures can be achieved by varying the poling temperature or the relative
humidity at the sample surface. As is shown in Figs. 3.18(b) and (f), domains with DW-DW
distances less than 200 nm have already been fabricated by simply adjusting the poling pulse
height and length. This suggests that uniform domain structures with even smaller periodicities

could be formed with improved control of the poling pulse as well as the poling environment.
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Other possible approaches to further improve the poling uniformity include using multiple poling
pulses [143, 129], poling differently doped LN to support the pinning of domain structures,
and UV light-assisted poling[144, 145]. Indeed, the domain to domain interactions are not
yet very well understood in TFLN and require further investigation, in which Kelvin probe
force microscopy could be used to image and visualize space charge distributions around the
DWs [142].

It should be noted that while for the 600 nm period electrodes only every second domain
reaches the ground electrode, periodic structures with the designed parameters are still present
close to the positive electrode, as is shown in Figs. 3.18(f) and (h). To obtain a quantitative
estimate of the achieved periodicity, we calculated the Fourier transform of the PFM phase data
line scan, acquired from the slices indicated by the white dashed lines shown in Figs. 3.18(c)
and (d); similar studies have been performed in Ref. [31], for example. The Fourier spectra
from the two line-scans are shown in Figs. 3.18(g) and (h), which show a main period of 820
nm and 610 nm with the peak amplitude being 0.42 and 0.41 respectively. The calculated peak
amplitude here is slightly reduced from the ideal value of 0.64 [(2/m)sin(7t/2)], which is the
leading coefficient in the Fourier series for a periodic square-wave function with 50% duty cycle.
The period doubling behavior of the switched domains appears as the side lobes in the Fourier
spectra. The calculated duty cycle from these two line-scans are 67.7% + 9.1% and 54.3% +
12.4% respectively. Though the uniformity of the domain structures here is not as good as that
of the larger periods, due to the speculated domain interactions, the results still demonstrate
a fairly uniform domain grid comparable to structures used in the reported efficient nonlinear
devices [125]. Note that the width of the poling region here is 20 um, while typical fundamental
TE mode in TFLN waveguides only extends to less than 5 ym (in the z direction) [9, 10, 13].
Even for the 600 nm period structures poled here, there still appears to be adequate space to

fabricate optical waveguides where the period is well reproduced, as is shown in Figs. 3.18(f) and

(h).
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All the fabricated domain structures have been stable for at least eight months between the
initial poling, SH imaging and the subsequent PFM analysis. Using a 2.8 um QPM periodicity,
we have fabricated 5 mm long periodically-poled waveguides which were used as sources of
entangled photon pairs at telecommunications wavelengths [128]. Because the test chips reported
here contained a large number of poled structures of relatively short length in order to explore
the parameter space, we have not yet fabricated optical waveguide structures with the shorter
QPM dimensions. However, we do not see a fundamental limitation in the development of optical

waveguides that are at least several millimeters in length using the same poling protocol.

3.7 Conclusion

In this chapter, we have discussed poling of x-cut TFLN, including current challenges,
diagnostic methods and our strategies for poling waveform optimization. Poling of LN can be
affected by various factors, including poling electrode duty cycle, shape [146], material [75],
poling waveform, as well as pulse numbers [106]. Here, we have shown successful poling of
x-cut MgO doped TFLN with periods varying from 2.8 ym to 800 nm, using the lithographically-
structured gold electrodes, with 35% duty cycle and single voltage pulses. All the reported poling
processes here were conducted at room temperature. SH microscopy and PFM were used to
inspect the domain structures, which show domain grids with periods down to 600 nm, and
features with sizes less than 200 nm. We observed period doubling behaviors in the sub-micron
period structures formed by domain interactions, which is progressively more pronounced with
smaller periods. These period-doubled structures might be formed by the electrostatic fields
surrounding the adjacent domain walls (distance less than 500 nm) [108]. Further improvements
in the domain uniformity with even smaller periods can be expected by optimizing the poling
temperature and environment humidity, or by adapting a different poling strategy. For example,

poling with multiple bipolar preconditioning pulses could potentially improve the poling yield
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and quality [106]. Nevertheless, our work presented in this chapter shows that the same poling
protocol can be used to fabricate domain grids with periods over a wide range, through only slight
modifications in the poling waveform, which provides one key step towards the realization of

thin-film PPLN based nonlinear devices, such as mirrorless OPO.
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Chapter 4

Design of PPLN Waveguides

4.1 SHG Theory

In an SHG process, two photons with the same frequency (®1) are combined and interact
with the nonlinear material, and then generate a new photon with a doubled frequency of the
initial photons (0, = 2®1), obeying the law of energy conservation. SHG was first demonstrated
by Franken et al. [147] in 1961, shortly after demonstration of the first laser [148], where a ruby
laser with a wavelength of 694 nm is focused on a quartz sample and generated a 347 nm SH
light. Since then, SHG has been widely used to create sources of coherent radiation at hitherto

unattainable wavelengths.

4.1.1 Quasi-Phase Matching

For efficient SHG, the momentum conservation or phase matching condition also has to
be satisfied, allowing the harmonic fields generated in different areas along the crystal to interfere
constructively at the output. This requires that the refractive indices of the fundamental and
SH wave are equal, i.e., npg = nsy. However, due to material dispersion, the phase matching

condition often cannot be achieved, leading to phase mismatch. As is shown in Fig. 4.1(b), for
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the non-phase-matched scenario, a small fraction of the launched optical power oscillates back
and forth between the fundamental and SH waves. In the first coherence length, the pump wave
at ®; will produce an SH wave at ®;, but at the second coherence length the SH wave will
generate a difference frequency wave at ®;. For example, if the crystal length is exactly two
coherence length, no SH light will be created, and also no pump power will be lost. The concept
of QPM was first proposed in 1962 by Armstrong et al. [149], to realize efficient energy transfer
between the interacting waves in nonlinear crystals. The momentum is conserved through an
additional momentum contribution from a periodic structure, which is fabricated by periodically
reversing the orientation of the spontaneous polarization (Ps) and also the sign of the second-order
susceptibility (x?) of the crystal. The period of this domain grid satisfies A = 2w/Ak. As is
shown in Fig. 4.1(b), in each coherence length, the interacting waves still propagate with different
phase velocities in the material, but when the accumulated phase mismatch get to 7 (at one
coherence length), the sign of x? is reversed. This allows the energy to continue to positively
flow from the pump to the SH waves, and generate a step-wise growth in the SH power along the

length of the crystal.

4.1.2 Normalized Nonlinear Conversion Efficiency

In TFLN waveguides, one of the most commonly-used figure of merit to evaluate the

efficiency of a SHG device is normalized nonlinear efficiency (Nporm)- It is defined as follows:

P
Mnorm = 735 % 100%, (4.1)

FHLNL

where Prg and Pgg represent pump and SH power, and Ly is the length of the nonlinear
interaction region, which is also the length of the poled region. Assuming the interacting waves

are propagating along the y axis of the TFLN, and there is no waveguide loss, the coupled-mode
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Figure 4.1: Schematic illustration of the SHG (a) process and QPM (b).

equations describing the interaction between the pump and SH waves are [37, 150]:

dAsu(y) . o4n o, iAk
= _ A ['(x,y,z)e!>, (4.2)
dy nSHASH FH()’) ( Yy )
dA . 4n i
mb) _ At () Asn(y)T(x,y, 2)e /4, 4.3)
dy NFHAFH

where Ak = ks — 2kp — 21/ A, and A is the poling period of the TFLN. A(gy, suy. 7{Fy, suy and
kiFn, suy are the wavelength, mode index, and wavevector of the fundamental TE mode for the
pump and SH waves, respectively, c is the speed of light in vacuum, € is the vacuum permittivity,
and Ly is the length of the nonlinear interaction region. I" is the nonlinear mode overlap between

the pump and SH waves, and is defined as:
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F://A€§H(x,Z)d(x,y,Z)EFH(x,z)sFH(x,z)dxdz,

(4.4)

where € gy, sp) is the transverse mode profile at the pump and SH wavelength respectively.

d(x,y,z) is a function of ds3, which is only nonzero in the area where the TFLN sits:

2 .
d(x,y,z) = o eir(x, 7)™/ A,

d337 LN
deff(x,2) =
0, Other region

For non-depleted pump approximation, the expression for Psy can be derived as:

2, 8m2|T|2P2, 12 AkL
(_)2 7tl | FHLNLSl-nCZ( k NL

Psy =
o ”SH”IZJHCSOXIZJH 2 )

If we consider propagation loss in the waveguide, then the derived Pgy is:

2IM12p2 72
PSH — (%)2871: ‘1—“ PFHl’NLe—((XFH+(XSH/2)LNL
T nSHnlerCEO)\‘lz?H
SiHZ(AkéNL) + sinh( (OCFH*O(«SZH/Z)LNL)

x| l

(AkéNL )2 + ( (OCFH*OCSZH/Z)LNL )2

4.5)

(4.6)

(4.7)

where oupy, sy represents the waveguide propagation loss of the fundamental TE mode for the

pump and SH waves. More details can be found in Ref. [150].

Though Nporm 18 @ quantity that reflects the enhancement of nonlinear optical properties

due to, e.g., transverse modal confinement and a high value of the transverse mode overlap

integral, it does not necessarily result in high overall conversion unless long waveguides can be

fabricated with uniformly-good QPM properties, and eventually, a significant amount of pump

power can be handled. To complement this, another important consideration is the nonlinear
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Figure 4.2: Schematic illustration of the PPLN waveguide with poling electrodes (a), and the
waveguide cross-section (b).

conversion efficiency (1), which is defined as output power divided by the square of the input
power (units: %W ). This figure of merit is useful and insightful because it includes the scaling
with the device length; not all devices, especially in the nano-photonic regime, can be poled

uniformly over long waveguide lengths.

4.2 Waveguide Design Considerations

In our experiment, we consider SHG from 1560 nm to 780 nm [see Fig. 4.2(a)]. This
process is particular interest for applications in laser cooling and manipulation of Rb atoms [151],
because 780 nm matches the D2 line transition in Rb. As has been mentioned in the previous
chapter, the material used here is 300 nm thick, 5 mol% MgO-doped TFLN, acquired from
NanoLN (Jinan Jingzheng Electronics Co., Ltd.). We use Lumerical MODE Solutions to simulate
the mode profiles and refractive indices of the fundamental TE mode at the pump and SH
wavelengths. Based on the simulations, we can calculate Nporm and the required poling period
(AN).

As is shows in Fig. 4.2(b), in our simulations the thickness of TFLN and buried oxide
layer is fixed at 300 nm and 1.8 um respectively, while width (w) and etching depth (h) of the

waveguide ridge are swept to find the optimal waveguiding structure. In the simulation, we used
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d3z = 25 pm/V, which is the same as reported in the previous publications [10]. In terms of
fabrication process tolerance, Figs. 4.3(a) show that shallow-etched waveguides (k2 = 50 nm)
are less sensitive to waveguide width variations. In general, TFLN waveguides are formed by
physically structuring (e.g., etching or dicing) LN, or by rib-loading the LN film with a second
material, e.g., silicon nitride. The etched TFLN waveguides can provide a higher degree of
mode confinement and higher conversion efficiency than the hybrid waveguides. However, a
long-standing and unresolved concern, as is mentioned recently by Boes et al. [12], is that the
QPM wavelength (A,) is highly sensitive to the waveguide dimensions, e.g., width (w), which
is exacerbated in TFLN structures, compared to bulk LN devices. Here, the shallow-etched
waveguides can improve the tolerance to fabrication non-uniformities, achieving similar width-
sensitivity as that of the rib-loaded (unetched LN) waveguide structure (see next chapter), but also
has the higher conversion efficiency as that of the etched waveguide. Furthermore, shallow-etched
waveguides may incur less propagation loss due to edge roughness. As Fig. 4.3(a) shows, we can
use a larger poling period for shallow-etched structures, which leads to easier fabrication and a
better fidelity to design. As has been discussed in the previous chapter, domain structure with a
larger period suffers less from the domain-spreading effect. In addition, because here the long
poling electrodes (several milimeters) are fabricated using standard photolithography process,
width of the electrode fingers is limited by the lithography resolution, which is about 1 ym in our
experiment. To precompensate for the domain spreading in the poling process, duty cycle of the
electrodes are often designed to be 35%, setting an upper limit on poling period of about 2.86 yum.
Figure 4.3(a) indicates that a more deeply etched, narrow-ridge waveguide could achieve about
a factor of two higher SHG efficiency, but would require a substantial reduction of the poling
period to about 2 ym, and has less tolerance to variations as shown by the steep curvature of the
contours. Therefore, we chose this shallow-etched waveguiding structure for our SHG device.
This type of waveguides have an optimal width; Fig. 4.3(b) shows that the nonlinear con-

version efficiency for the shallow-etched waveguide is maximized when w = 1.2 um. Figure 4.4
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Figure 4.3: (a) Simulated Mporm (solid blue lines) and the required poling period (dashed red
lines) as a function of w and h. (b) Simulated Myorm (solid blue lines) and the required poling
period (dashed red lines) as a function of w, with h fixed at 50 nm.
shows the simulated mode profiles of the fundamental TE mode at both 1560 nm and 780 nm,
for w = 1.2 um and & = 50 nm. The calculated effective mode areas are 1.1 um? at 1560 nm
and 0.4 yum? at 780 nm. Such waveguide structures provide for a good overlap between the
quasi-TE-polarized fundamental modes at the widely-separated pump [Fig. 4.4(a)] and the SH
[Fig. 4.4(b)] wavelengths, calculated to be O =78% based on the standard equation below:

(f Ey x Hy -dS)([ Ey x H? - dS) 1

S 4.8
JE\ x H? -dS I e(szxH§~dS)| 9

O = |Re|
where E (1,2) and H (1, 2) represents the electric and magnetic fields at the pump and SH wave-

length respectively. Based on these considerations, our optimum waveguide width was 1.2 ym,

etching depth was 50 nm, and poling period was 2.8 um.
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Figure 4.4: Simulated mode profiles (intensity of the electric field) of the fundamental TE
mode at 1560 nm (a) and 780 nm (b).
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Chapter 5

Second-Harmonic Generation

Measurements

5.1 Fabricated Device

Poling electrodes with a uniform 2.8 um period were first defined on the x-cut LNOI
surface using the standard photolithography process. In cross-section, the electrodes consist of a
10 nm Cr adhesion layer deposited on TFLN, followed by a 300 nm Au layer. The separation
gap between the two opposing electrode ’teeth” facing each other was designed to be 20 um,
based on an estimate of the critical field required to initiate poling. Transformer oil was used to
surround the probe-pad contact point and the immediate vicinity of the electrodes along the entire
length of the waveguide, which helped prevent arcing and electrode breakdown. The voltages
required for poling are generally less than 1 kV. Here, A single high voltage pulse was applied to
the poling circuit through a high-voltage amplifier, using a voltage waveform described in the
previous chapter. Next, a sequence of shallow ridges to define the waveguide centers were then
etched using Ar-ion milling, using an electron-beam resist as the mask as described in Ref. [64].

The upper cladding of the waveguides was left as air after etching. Since the electrodes are far
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from the waveguide, they were not removed after the poling process was completed. Twenty-four
waveguides were fabricated on this chip, with varying waveguide widths. (The actual etching
depth was ~48 nm, and the resist shrinkage was estimated to be about 100 nm. These values will
be taken into account in the theoretical calculations discussed below.) The waveguide propagation
losses at the pump and SH wavelengths are less than —1 dB/cm and —3.2 dB/cm respectively,
estimated by measuring the insertion loss of waveguides with different lengths (the cutback
method), performed on five waveguides for each length. In this study, we did not observe a clear
correlation between the total insertion loss and waveguide dimension. The length of the etched
waveguide is 7 mm, without taper formation, while the poled region is 5 mm, as is illustrated in

Fig. 5.1(a).

Etched LN
/" waveguide

Figure 5.1: (a) Optical microscope image of one fabricated waveguide with poling electrodes.
(b) Camera image of the fabricated chip with multiple waveguides and poling electrodes. (c)
Optical microscope image of a selected region in the fabricated waveguide.

5.1.1 Poling Quality

Uniform and accurately-sized periodically-inverted domains are the sign of high poling
quality. Second-harmonic microscopy is used here to image the inverted domains. Typical domain

structures are shown in Figs. 5.2(b)-(f), in which the dark stripes at the top and bottom of the
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images are the poling electrodes, the bright rectangle in the middle of the images represents
the etched waveguide, and the black straight lines that start from the top (positive) electrodes
and terminate at the bottom (ground) electrodes are the domain walls. In between the opposing
poling electrodes, the orientation of P is reversed, which is indicated by the red arrows in
Fig. 5.2(d). The inverted and uninverted regions are separated by the domain walls. Details of
the SH measurement technique and analysis are reported elsewhere [152, 107]. To calculate the
poling duty cycle, five SH images were generated over several segments along the waveguide,
each with an area of 100 um x 30 um, as is shown in Figs. 5.2(b)-(f). For this test chip, the poling
duty cycle varied from 45% to 60%. For the three waveguides reported below, the waveguide
widths were 1.14 ym, 1.24 ym and 1.32 um respectively. Based on the SH images, the poling
duty cycles mean value and one standard deviation were: 57.2% = 3.5%, 55.2% + 3.0% and
46.4% + 4.4%, respectively. The quantification method is described in the Appendix.

In order to determine whether the thin film was poled adequately in depth, we performed
a quantitative analysis of the line scans of images such as shown in Fig. 5.3. In contrast to our
technique, traditional depth-resolved poling diagnostic methods such as etching waveguides
using acid to reveal the domain orientation [14] are destructive in nature, typically only revealing
data of a poled structure that is no longer useful as a working optical device. Physics-based
modeling and key differences with regard to traditional SH microscopy of domain walls (e.g.,
Ref. [153]), are discussed in detail in Ref. [107]; in particular, we are able to estimate the depth
of poling with a resolution that is not dependent on the diffraction-limited focus size, but on the
(much shorter) coherence length of the surface-pumped SHG process [85]. Thus, as shown in
the exemplar case of Fig. 5.3(b), when studying the cross-section indicated using a red line in
Fig. 5.3(a), we inferred that the poling depth was closer to 245 nm than either 240 nm or 250 nm,
1.e., achieving about 5 nm depth resolution. Using such non-destructive, high-resolution 3D
diagnostic images, we verified that, after the poling recipe was optimized, the achieved poling

duty cycle over the waveguide region was nearly ideal in both lateral and vertical dimensions,
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Figure 5.2: (a) Image of the waveguide with poling electrodes. (b)-(f) Second-harmonic images
of the inverted domains at the locations indicated in (a), with the calculated poling duty cycles
listed on the side. The light gray left-to-right stripe visible in each of the panels is the ridge
structure of the waveguide that is formed by shallow etching [see Fig. 5.2(b)]. The image of
each panel is rotated clockwise by 90 degrees from the orientation of panel (a).

without either distributed or local errors over the wavelength length that could, for example, cause
phase flips in the nonlinear interaction and result in poor SHG performance.
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Figure 5.3: (a) High-resolution confocal second-harmonic microscopy of the poled domains
from a selected region along the waveguide. (b) Analysis of a typical optical line scan and
best-fit comparison with calculated models (three different assumptions about the poling depth
h) provides three-dimensional information about the poling profile, with height discrimination
of about 5 nm.

5.2 SHG Measurements

As is shown in Fig. 5.4, a continuous-wave telecom-wavelength tunable laser (ANDO
AQ4320D) was used as the pump source along with a polarization controller to ensure that
the pump light was TE-polarized. Light was coupled in and out of the chip with polarization-
maintaining tapered lensed fibers. A 780 nm power sensor together with a power meter was

connected to the output tapered lensed fiber to detect and record the generated SH power. The
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chip was mounted on a temperature-controlled stage with a thermo-electric controller (TEC) in
feedback with a thermistor on the stage mount. The generated off-chip SH power was measured
and recorded by a power meter, and the on-chip SH power was calculated using the recorded
off-chip power divided by the coupling efficiency. The conversion efficiency was then calculated

using Eq. 4.1.

5.2.1 SHG Spectrum

To study the stability of these waveguides as well as the repeatability of the measurements,
we measured SHG from this chip over a time period of more than six months. In the initial
experiments, the chip was simply diced for measurement, without edge polishing, and thus
incurred somewhat high, un-optimized coupling losses to standard, telecom-wavelength, lensed
tapered fibers (no index-matching fluid) of —7.7 dB/facet at 1560 nm, and —13.9 dB/facet at
780 nm, estimated based on a ~1.32 um wide waveguide. In addition to the edge roughness,
the high coupling loss at the SH wavelength is dominated by the mode mismatch between the
focused fiber mode (mode field diameter: 2.5 ym) and the waveguide mode (effective mode
area: ~0.4 um?), as well as the propagation loss in the telecom-wavelength fibers. This issue is
not uncommon for TFLN waveguides, and can be addressed by edge polishing, adding tapers and
edge couplers, and using 780 nm fibers for output coupling [8, 9, 65]. After edge polishing, the
coupling loss was —6.7 dB/facet at 1560 nm, and —12.5 dB/facet at 780 nm.

Figure 5.4(b) shows measured SHG spectrum from a 1.14 um wide waveguide, with a peak
Nnorm of 3757 =39 %.W~!.cm™2 (peak = 939+ 10 %.W~!.cm™2). The measured spectrum is
overlaid with the calculated curves, using the simulated mode indices and profiles from Lumerical
MODE Solutions and Eq. 4.7. The green dashed lines represent the ideal SHG spectra from a
lossless waveguide, while the red solid lines plot the corrected spectra considering the measured
waveguide propagation losses at both the pump and SH wavelengths. By assuming A = 2.81 um

(compared to the design target of 2.80 um), the simulated peak wavelength accurately matches
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the measured value of the peak wavelength, as shown in Fig. 5.4(b). The measured SHG spectrum
of this 1.14 ym wide waveguide shows an otherwise higher peak efficiency than the predicted
value, which can be partly attributed to the enhanced pump power in the cavity by the Fabry-Perot
resonances, as has been discussed in Ref. [12]. The uncertainty in the measured NMporm arises
from the fluctuations in the optical power levels from multiple measurements. Note that each
SHG spectrum shown below is an averaged result of several measurements. The oscillations in
the SHG spectrum are from the Fabry-Perot resonances at both the pump and SH wavelengths,
caused by the reflections at the polished waveguide facets. Based on our FDTD simulation, the
reflectivity at the pump and SH wavelength is 12.7% and 16.8% respectively, for perfectly smooth
waveguide facets. For a lightly polished (with a non-zero roughness) facet fabricated here, the
reflectivity should be lower than the theoretical value [154]. Figure 5.4(c) is an image captured by
a CCD camera at the output waveguide facet of the 1.14 ym wide waveguide, while the waveguide
was pumped with about 0.53 mW power at 1576 nm. The generated on-chip SH power, as is
indicated in Fig. 5.4(c) was 2.66 uW (measured power: 150 nW). Comparison of the measured

SHG spectrum before and after edge polishing is shown in section A4 in the Appendix.

5.2.2 Second-Harmonic-Pump Power Dependence

Figure 5.5(a) shows the measured and calculated nonlinear conversion efficiency as a
function of the pump wavelength from another 1.32 ym wide waveguide at 20 °C. The extracted on-
chip normalized conversion efficiency has a peak value of 2658 %.W~!.cm~2 at 1553.6 nm. Here,
the measured peak efficiency is slightly lower than the theoretical value, which is probably due to
the undesired sidelobe at around 1550.7 nm. Poling period (i.e., period of the poling electrodes)
and film thickness variations, as well as the un-optimized pump light polarization can result in
such sidelobes as seen here. Previously, this has been studied for bulk PPLN [155, 156, 157],
and comparable inferences can be made for TFLN as well. For example, the calculated poling

period for the highest side peak in Fig. 5.5(a) at 1550.7 nm is 2.805 um, while that for the
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Figure 5.4: (a) Schematic of the experiment for SHG measurement. (b) Measured n (left

y-axis) and Mporm (right y-axis) as a function of the pump wavelength for a 1.14 um wide

waveguide, after chip edge polishing, overlaid with the theoretical curves. (c) Image captured by

a CCD camera at the output waveguide facet, showing the scattered SH light, waveguide and the

lensed fiber. The on-chip SH power was 2.66 uW (measured power: 150 nW) at 788 nm, with

~0.53 mW on-chip pump power at 1576 nm.
central lobe at 1553.6 nm is 2.808 um, i.e., a shift of only 3 nm. Nevertheless, the full-width
at half-maximum (FWHM) spectral bandwidth of the measured spectra are 1.04 nm (1.32 ym)
and 1.01 nm (1.14 um) for the two waveguides, which is almost the same as the theoretical
value. This good agreement proves the excellent uniformity of the periodically poled waveguide
over the entire poling region. Figure 5.5(b) shows the measured on-chip pump power versus
the generated SH power, where the power conversion efficiency reaches 9.4% with the on-chip

pump power being 16.7 mW. The black solid line follows nnormLNL pumps with Nporm being
2658 %.W~!.cm~2, while the red dashed line plots the calculated input pump and output SH
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power based on the coupled mode equations. Based on Fig. 5.5(b), we see evidence of sub-
quadratic scaling at an (on-chip) launched pump power of about 10 mW. At higher pump power,

the measured SH power is lower than the quadratic curve, which suggests the onset of pump

depletion.
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Figure 5.5: (a) Measured M (left y-axis) and Mporm (right y-axis) as a function of the pump
wavelength for a 1.32 ym wide waveguide, in comparison with the theoretical curves. (b)
Measured on-chip pump power versus on-chip SH power at the peak pump wavelength. Errorbars
represent one standard deviation in the calculated on-chip SH power from multiple measurements.
The solid black line follows Nnorm Ly Paymp (Mnorm = 2658 %.W~'.cm~2). The dashed red line
plots the calculated on-chip pump and SH power based on the coupled-mode equations (Egs. 4.2
and 4.3).

5.3 SHG Spectrum Tuning

To evaluate the tolerance of this shallow-etched waveguide to fabrication errors, we
measured the SHG spectra from different waveguides with the width varying from 1060 nm
to 1340 nm. Figure 5.6(a) shows the simulated poling period (A) versus pump wavelength
for waveguides with different widths. In the fabricated device, A is fixed at 2.8 ym, which is
indicated as a black dashed line in Fig. 5.6(a). Wider waveguides are phase matched at shorter

wavelengths. Taking the intersections of the dashed line with the curves shown in Fig. 5.6(a), we
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obtained the simulated A, as a function of waveguide width, which is shown in Fig. 5.6(b) as
blue squares. On the other hand, from the recorded SHG spectra, we can acquire the measured
Ay, which are plotted as the red circles in Fig. 5.6(b). The fitted tuning slope from the measured
[(d)p).(dw)~! = —0.064] and simulated [(d)p).(dw)~! = —0.088] data agrees well with each
other. The measured tuning slope is only —0.064, which is similar to the silicon nitride loaded,
unetched TFLN waveguides [12]. This suggests that the shallow-etched waveguides fabricated
here manage to have a very high tolerance to fabrication errors that is comparable to the unetched
hybrid SiN-TFLN waveguides, and at the same time achieve a higher nonlinear conversion
efficiency, taking the advantage of better mode confinement in the etched structures. For this
study, the etching depth (h), or the waveguide ridge height is fixed at 50 nm. But we have
simulated the peak wavelength shift versus etching depth variation for a 1.2 yum wide waveguide.
As is shown in Fig. 5.6(c), the simulated (d);).(dh) ! is 2.59.

We have also studied the thermal tuning characteristic of the shallow-etched waveguide
by varying the TEC temperature from 20 °C to 60 °C and recorded the SHG spectra, which
are plotted in Fig. 5.6(c). As is shown in Fig. 5.6(d), the measured A, scales almost linearly
with the TEC temperature, and the fitted (dA,).(dT)~! is about 0.1 nm/°C, which is similar to
that of the bulk LN waveguides [158, 156]. The simulated (d),).(dT)~! (not shown here) is
0.43 nm/°C, taking into account the temperature and wavelength dependence of the material
indices of LN and SiO; [159, 160, 161]. This discrepancy may come from the differences in
the actual temperature-dependent material properties compared to the assumptions made in the
simulation. Same measurements have been performed on this waveguide before edge polishing,

more than six months apart, which presented the same tuning slope as shown in Fig. 5.6(d).
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(d)

5.4

ture that achieves the highest (non-length-normalized) conversion efficiency for SHG from
telecommunications wavelengths between 1550 nm and 1580 nm to the near-infrared wavelength
range of wavelengths between 775 nm and 790 nm. The main achievement is the improve-
ment (see Table 5.1) in non-length-normalized conversion efficiency of periodically-poled TFLN

waveguides, which may be considered more promising for making the case for practical and
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Figure 5.6: (a) Simulated poling period (A) as a function of pump wavelength for waveguides
with different widths. (b) Measured (red circles) and simulated (blue squares) peak pump
wavelength (phase-matched pump wavelength A,,) versus the waveguide width. (c) Simulated
peak pump wavelength (phase-matched pump wavelength A;) versus the etching depth. (d)-(e)
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Conclusion

In this chapter, we demonstrate a shallow-etched thin-film MgO:PPLN waveguide struc-
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Table 5.1: Existing works of SHG from LN waveguides, in comparison with the results reported
here. A,: phase matched pump wavelength. APE: annealed proton exchange. N/A: can not get
this information in the paper.

Ref. Waveguide Type % .Wﬁqfrcmfz) N (%.W~') | Length (mm)
[57] APE LN waveguide 150 1634 (@ 33
[102] SiN-TFLN (x-cut) 160 37 (@) 4.8
(9] SiN-TFLN (y-cut) N/A N/A 4
[10] Etched TFLN (x-cut) 2600 416 (@ 4
[10] Etched TFLN (x-cut) 2300 368 (@) 4
[12] SiN-TFLN (x-cut) 1160 267 (@) 4.8
[13] Etched TFLN (x-cut) 4600 4 (@) 0.3
[13] Etched TFLN (x-cut) 2800 10 @ 0.6
This work Etched TFLN (x-cut) 3757 939
This work Etched TFLN (x-cut) 2658 664 5
Ref. FWHM (nm) M?;‘;EEEO;LZ ‘;Lf:c:)ver A (um) Ap (nm)
[57] 0.26 (©) N/A 15.5 1537
[102] 3 (d) 0.1 mW 6.6 1530
[9] N/A N/A 5 1580
[10] 6.7 (©) 117 mW 4.1 1510
[10] 11 N/A 4.1 1620
[12] 2.1 N/A 4.98 1574
[13] 14 (N 0.5 uWw () 2.67 1540
[13] 10 0.6 mW (pulsed) (¢) 2.67 1540
This work 1.0 2.66 uW 2.8 1575
This work 1.0 1.6 mW 2.8 1554

(@) Calculated by Mnor X Length (cm)?. (4) Information from covesion.com. (¢) Estimated from
Fig. 2 in the paper. (@) Estimated from Fig. 4(a) in the paper. (¢) Estimated from Fig. 3(c)
and Fig. 3(b) in the paper respectively. (/) Estimated from Fig. 2(f) and Fig. 2(c) in the paper

respectively. (¢) Estimated from Fig. 2(g) and Fig. 4(d) in the paper respectively.

realistic device applications of TFLN than high values of only the length-normalized figure

of merit. Using confocal scanning second-harmonic microscopy as a non-invasive diagnostic

method, we demonstrate successful fabrication of uniformly-inverted domains with a 2.8 um
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period and nearly ideal duty cycle over a 5 mm long region. The efficient and narrow linewidth
SHG spectrum can be useful for direct conversion of telecommunications-band signals, which are
typically on a 100 GHz (0.8 nm) grid. The thermal-tuning characteristics demonstrated a linear
tuning sensitivity of (dA,).(dT)~! is 0.1 nm/°C, and showed that efficiency was maintained over
a temperature swing of up to 40 °C. The shallow-etched waveguide possesses a high tolerance to
fabrication errors in width, with a measured (dA;).(dw)~! being —0.064, which is comparable to
what was reported from an unetched hybrid SiN-TFLN waveguide. The results demonstrated here
indicate promising applications for robust and efficient waveguide TFLN devices in nonlinear
optics in the telecommunications regime. For future potential high power applications, edge
couplers could be designed and added to the input and output edges of the chip, to reduce pump

power requirements and also to enhance off-chip SH power.
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Chapter 6

Entangled Photon-Pair Generation

6.1 Spontaneous Parametric Down Conversion

Integrated photonics can be useful in generating, manipulating and detecting non-classical
light, including photon pairs and heralded single photons as resources for quantum optical
communications and information processing. Compared to bulk nonlinear optical crystals, the
use of waveguides and periodic poling has led to significant improvements in brightness, quality
and simplicity of near-infrared wavelength photon pair sources [162]. For photon pair generation
using nonlinear optical processes (e.g., SPDC, or spontaneous four-wave mixing, SFWM), the
intrinsic rate of nonlinear optical processes increases as the cross-sectional area of the waveguide
mode decreases. Generally, sub-micron modal area (i.e., Aegr < 1 ,umz) waveguides are associated
with high-index contrast silicon photonics, in which SFWM generates a reasonably high rate of
photon pair generation at sub-milliwatt pump power levels [163].

The performance of LNOI based devices can be superior to that of traditional LN
waveguide devices; one notable example is that of >100 GHz bandwidth electro-optic mod-
ulators [56, 61]. However, the reported SPDC performance of LNOI [164, 165, 166, 11]

in terms of the usual metrics such as Coincidences-to-Accidentals Ratio (CAR) and condi-
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tional self-correlation [g(? (0)] has yet to catch up to SPDC in traditional LN waveguides,
where coincidences-to-accidentals ratio CAR > 10,000, heralded two-photon auto-correlation
g? (0) < 0.01, and two-photon interferometric visibility V ~ 99% are common.

The objective of this chapter is to report good performance achieved using SPDC in a
periodically-poled thin-film lithium niobate (LN) waveguide. As is shown in Fig. 6.1(a), SPDC
can be seen as the reverse process as SHG, where one photon with higher energy (about 785 nm
in our experiment) spontaneously splits into two daughter photons with lower energy (about 1570
nm), conforming the laws of energy and momentum conservation. Measurements shown in the
following sections are from a 1.24 um wide shallow-etched PPLN waveguide, whose fabrication
method has been discussed in detail in the previous chapter. The quasi-TE-polarized fundamental
modes, shown in Figs. 6.1(b) and 6.1(c), were calculated using Lumerical MODE Solutions to
have modal effective area Aepr = 1.1 ,um2 at 1570 nm wavelength, and A.¢s = 0.4 ,um2 at 785 nm
wavelength. The poling duty cycle is estimated as 55.2% + 3.0%, based on the SH images
generated from five different positions along the waveguide, each with an area of 100 um (along

the y-axis) x 30 um (along the z-axis), as is shown in Fig. 5.2.

6.2 SPDC Measurements

Typical characterization measurements for SPDC report pair generation rates and two-
photon correlation measurements, quantifying the pair generation and heralding properties of
the source. Since the purpose of this paper is to demonstrate that high-quality pairs can be
experimentally generated using LNOI waveguides, we focus mainly on the low pump-power case;
nevertheless, an appreciable rate of pairs and single photons was measured because of the high

brightness of the source.
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Figure 6.1: (a) Schematic illustration of the SPDC process. (b) Calculated profile (magnitude
of the major electric-field component) of the quasi-TE-polarized fundamental mode at 1570 nm
for the down-converted photons. (c) Calculated profile of the quasi-TE-polarized mode at 785
nm for the pump of the SPDC process.

6.2.1 Optical Characterization

Confirmation of the QPM grating was poled correctly was obtained from a conventional
waveguide SHG experiment, using as input a tunable-wavelength, continuous-wave pump around
1569 nm. The converted power around 784.5 nm was measured when tuning the wavelength of
the pump light, with the chip temperature maintained at 63 °C. By fitting the central lobe of the
measured SHG spectrum to a sinc-squared functional form, we measured a high SHG conversion
efficiency of 425 %.W~!, with a full-width at half-maximum (FWHM) spectral bandwidth of
1.13 nm. Calculations of the SHG spectrum considering the measured propagation losses indicate
that the predicted FWHM bandwidth is 1.14 nm. This relatively narrow bandwidth (e.g., compared
to Refs. [8, 10]) enables the main peak to be filtered out by a standard telecommunications grade
filter for SPDC. From the measured classical SHG results, the quantum SPDC properties can

be estimated, upon making an assumption of the filter bandwidth (here, taken as 100 GHz, as
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representative of the experiment) and the pump power (taken as 0.1 mW). Assuming quadratic
scaling with length, the predicted pair generation rate is about 5.2 MHz. In practice, the SPDC
length scaling may be closer to L3/2 because of dispersion [167] and result in a slightly lower
pair rate, as seen in Fig. 6.2.

The bare-die chip was mounted on a temperature-controlled stage with a thermo-electric
controller (TEC) in feedback with a thermistor on the stage mount. The chip was maintained at a
temperature of 63 °C in order to tune the QPM peak to the input laser wavelength. Light was
coupled to and from the chip using lensed tapered polarization-maintaining fibers designed for
1550 nm. The chip was simply diced for measurement, without polishing of the end facets, and
thus incurred high, un-optimized coupling losses of -7 dB/facet at 1570 nm and -15 dB/facet at 785
nm. Loss values of -3 dB/facet at 1570 nm and -6.6 dB/facet at 785 nm can be simply attributed
to mode-overlap mismatch between the tapered fiber and the waveguide modes as calculated by
optical simulation software, with the rest attributed to excess loss due to roughness or launch at
785 nm into an higher-order waveguide mode that is not phase-matched. The propagation loss of
the waveguides was estimated to be -0.54 dB/cm at around 1569 nm, and -3.21 dB/cm at around
785 nm using the cutback method performed on several waveguides with different lengths.

Output light from the chip was routed through a cascade of two filters, where the first was
a pump-reject filter, consisting of a tabletop assembly of a long-pass, free-space filter with two
fiber collimators, and the second was a fiber-coupled, off-the-shelf, telecommunications-grade
optical filter centered around 1568.9 nm with bandwidth 0.8 nm. The insertion loss of the filter
cascade at the wavelengths of interest was less than -4 dB and the pump rejection should be greater
than 150 dB. The filter assembly was followed by a 50%-50% splitter. For frequency-degenerate
photon pairs incident on the splitter, both photons end up in the same detector one-half of the
time, and would not be counted as a coincidence by the TDC. An imperfect splitting ratio resulted
in a slight difference in the measured singles rates of the signal and idler channels. The spectral

width of the QPM curve was approximately similar to the pass-band width of the filter; thus,
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filtering does not reduce the flux rate or brightness of the photon pairs by much.

Photons were detected using fiber-coupled superconducting nanowire single photon
detectors (SNSPD), cooled to 0.8 K in a closed-cycle Helium-4 cryostat equipped with a sorption
stage. The detection efficiencies of two of the SNSPD’s were about 68% and, for one of the
detectors, was about 90%; these detectors were not gated and were operated in a simple dc-biased
mode with an RF-amplified readout. Detected signals were processed using a time-to-digital
converter (TDC) instrument, with coincidence window of 15 ns or 10 ns. The CAR metric can be
inflated by un-naturally narrowing the coincidence window, e.g., less than the timing jitter of the
detectors [168]. This is clearly not the case here. The coincidence window is much wider than the
values of typical timing jitters for both SNSPD and InGaAs SPAD detectors at 1550 nm. Singles
and coincidences due to dark counts were measured separately, but since their contribution was
seen to be negligible, they were not subtracted from the measurements. Each histogram peak was

fitted by a Gaussian function, whose FWHM was measured to be typically 27 ps.

6.2.2 Pair Coincidence Rate

The fabricated waveguide was tested for its properties as a source of optically-pumped
entangled photon pairs and heralded single photon generation. The experimental apparatus is
described in and in Fig. 6.2(a). The on-chip pair flux or coincidence rate, which is abbreviated in
the figure labels as the pair coincidence rate (PCR), was calculated by dividing the time-averaged
value of the measured coincidence rate, Nsy, by the edge coupling efficiency of the chip, the
transmission of the filters, and the detector efficiencies. These quantities were measured by
separate calibration measurements. As a check, this value of PCR is equal, within the limits of
experimental accuracy, to the value calculated as PCR = ((NsN1)/(2Nsy)), where Ng 1 are the as-
measured, time-varying singles rates of the signal and idler photon detection events, respectively,
and Ng; is the rate of the signal-idler coincidence detection events, and () denotes a time-average

over the entire acquisition period. The factor of 2 in the denominator is because of the beam
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splitter in the experimental configuration. We calculated PCR for several different values of the
input pump power and Figure 4(a) plots the result and the fitted line. The slope of PCR with
pump power is 45 MHz.mW !, which is higher than that of a typical value for a state-of-the-art
traditional PPLN waveguide of 14 MHz.mW ! [169].

Dividing further by the FWHM of the filter used before the single-photon detectors,
AL = 0.8 nm (100 GHz), we calculate the brightness of our pair source to be B = 2.9 x

Lnm™'.mW~!, or B =3 x 10’ pairs.s"!.GHz~'.mW~!, depending on the units

107 pairs.s™
used for the bandwidth. It is interesting to compare the performance with SFWM devices: be-
cause of the weaker third-order nonlinearity of SFWM compared to SPDC, the high-brightness
results are achieved using micro-resonators, for which a list of recent results is tabulated in
Ref. [170]. Among record results, a silicon microring SFWM pair source [30] achieved a bright-
ness of B = 1.5 x 108 pairs.s!.GHz~!.mW~2 and a similar value, within a factor of two, was
achieved in a silicon microdisk resonator [171]. Note that although the brightness of these SFWM
sources is about three orders of magnitude higher than that of the SPDC source reported here, a
significant factor is because the FWHM of the silicon microresonator’s resonance (2.1 GHz) is
much narrower than the FWHM of the LN waveguide’s QPM peak (approximately 160 GHz),
and plays a significant role in determining the brightness. An example of resonant enhancement
for bright SPDC pair generation is provided by Ref. [172], for PPKTP rather than PPLN, which
achieved a singles-rate brightness of B = 1.4 x 107 counts.s”'.GHz~'.mW~!. However, an

efficient waveguide device is typically easier to use in practice than a high-Q resonant device, as

long as the PGR and metrics describing the quality of the generated photons are high.

6.2.3 Coincidences to Accidentals Ratio

Achieving high CAR depends on low detector noise, suppression of pump and scattering
noise, improvement of the stability of pair generation, and improving factors such as loss in the

device and the experimental setup, which lead to broken pairs and increase the rate of accidental

79



(@) TEC splitter

ATT TDC
diode laser D—4 % F—% — | .....
FELINChip filters f,f/
detectors
(b) 12 ' %
10 T
T8 ~
< '
o 4 ///
/o/
21 o
o

0O 005 0.1 015 0.2
Pump power (mW)

Figure 6.2: (a) Schematic of the experiment to characterize frequency-degenerate photon-pair
generation, and measure the coincidences to accidentals ratio. ATT: Variable attenuator. TEC:
Thermo-electric controller. TDC: time to digital converter. DLI: Delay line interferometer. (b)
Measured pair coincidence rate (PCR, units: MHz) versus pump power (units: mW) in the
waveguide.

coincidences. Figure 6.3(a) shows the measurements of the CAR versus the (on-chip) coincidence
rate. The CAR was calculated as CAR = max[gézl) (t)] — 1 from the normalized signal-idler
cross-correlation, gézl) (1), which was obtained from the histogram of signal-idler coincidences
that was measured by the TDC instrument as a function of the delay # between the two channels.
The histograms were acquired in start-stop mode for a measurement time 7 that varied between
120 s and 480 s (at lower power), and a coincidence window W = 15 ns. It was verified that each
coincidence peak was well fit by a Gaussian function, whose FWHM was 25.2 4+ 0.4 ps across

all the datasets reported in Fig. 6.3(b). The value of CAR reported here is obtained from the

amplitude of the fitted peak, which is slightly less than the raw measured value of max [ggzl) (1)].
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The highest CAR was 67,224 -+ 714 measured when the PCR was 7.6 +2.6 x 10* pairs.s ™!
(detected pair flux: 24 4 8 pairs.s~!). At the highest power values used here, CAR = 668 = 1.7, at
PCR = 11.4+0.4 x 10° pairs.s~! (detected pair flux: 3.640.3 x 10> pairs.s~!). CAR decreased at
higher pump powers and thus, at higher PGR, as expected, following the trend line CAR o< PGR ™!,
as shown in Fig. 6.3(a).

These numbers are significantly higher than those achieved other integrated photonics plat-
form at 1550 nm wavelengths, including silicon [30] and silicon nitride [173], measured using sim-
ilar experiments and apparatus. Compared to traditional PPLN waveguides, the highest reported
value (to our knowledge) of CAR is 8 x 10° measured, however, at PCR of only 5 pairs.s_1 [174];
in comparison, the product of CAR and pair flux is about three orders-of-magnitude higher in
our LNOI waveguides, highlighting the efficiency of nanoscale LN waveguides with good QPM

properties in generating high-quality photon pairs.

6.2.4 Heralded Single-Photon Generation

Detecting one photon of the pair results in a heralded single-photon source, since the
other photon is expected to show non-classical anti-bunching behavior. This waveguide supports
a single propagating mode at the down-converted wavelengths near 1.57 um wavelengths, and,
after filtering, the central QPM peak is fairly narrow. Therefore, in contrast to SPDC in bulk
crystals, the signal and idler photons are emitted into a pair of discrete, well-defined modes
which propagate collinearly. Here, as stated earlier, the width of the QPM peak is approximately
the same as that of the passband of the filter for the signal and idler photons. We have not yet
measured the two-photon joint spectrum, and thus cannot conclude that the heralded photon
is actually in a pure single-photon Fock state. Accordingly, the discussion for the present is
restricted to the measurement of the second-order correlation function of the heralded photon,
i.e., a characterization of anti-bunching.

Figure 6.4 shows the heralded (i.e., conditional) single-photon second-order self-correlation
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Figure 6.3: (a) Coincidences-to-Accidentals Ratio (CAR) versus PCR. The highest measured
value is indicated. The error bars are one standard deviation in each direction (vertical error bars
are too small to visualize at this scale). (b) The signal-idler cross-correlation counting histogram
for the lowest CAR value. The full-width at half-maximum of the central peak was 27 ps.

function, gg) (0), obtained by detecting one of the generated photon pair as a herald, and mea-

suring the self-correlation of the other photon in the presence of the herald. The normalized
value of the photon correlation measurement on the heralded single photons at zero time delay
was calculated using the formula [175] gg) (0) = NapcN4. (ZNABNAC)fl, where N, is the aver-
age photon detection rate on the heralding SNSPD detector [labels are shown in Fig. 6.4(a)],
double coincidences Nyp and Nyc correspond to average rates of simultaneous events on one
of the detectors (B or C) and the heralding SNSPD detector (A), and triple coincidences Napc
correspond to average rates of simultaneous events on all three detectors. This parameter has also
been called the anti-correlation parameter.[176] Note that gg) (0) can also be written in terms of

the probability of observing a single photon in the signal arm and the probability of observing
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two photons in the signal arm, gg) (0) = 2NgNapc. (Nap + NAC)_Z, where the factor of 2 in the

numerator comes from the splitting ratio of the beamsplitter [177].

Double and triple coincidences were defined as simultaneous detections within a 10 ns time
window, measured directly by the TDC hardware (calculating coincidences between combinations
of input channels without software post-selection). Counting times were 200 seconds (with 1000
seconds for one point as a check).

Even at the highest power values used in this sequence of measurements, gg) (0) =
0.183 £ 0.03, well below the classical threshold, at an on-chip (i.e., inferred) heralding rate
of Ny = 4.2 MHz (raw measured herald rate 107 kHz). At lower pump powers, values as
low as gl(;) (0) = 0.022 +0.004 were directly measured (the errorbar is one standard deviation
uncertainty), for an on-chip heralding rate of Ny = 0.7 MHz (raw measured herald rate 15
kHz). There have not been previous reports of heralded single-photon generation using LNOI
waveguides or resonant devices. For comparison with traditional PPLN devices, gg ) (0)=0.023
has been measured at Ny = 2.1 MHz [178], and 81({2 ) (0) = 0.005 has been measured at (detected)
N =10 kHz [179].

The heralding (Klyshko) efficiency, defined as Nag/(Ns x D) where D is the detection
efficiency of the heralded photon, was calculated to be between 1.3% and 2% for raw (off-chip)
values of the rates. The main reason for the low efficiency of the off-chip efficiency is loss: the
sum of the fiber-to-waveguide loss and the insertion loss of the filters is about -14 dB for each
of the SPDC-generated photons in the current device and experimental configuration, whereas,
for example, the coupling efficiency to fiber in Ref. [178] was estimated to be about 60% and
the equivalent transmission efficiency through free space was above 90% in Ref. [180]. Since
the ratio of the on-chip pair rate to the on-chip singles rate (averaged between the signal and the
idler) exceeds 52%, we expect heralding efficiencies comparable to established PPLN technology
upon improvements in the coupling from these LNOI waveguides to detectors through fibers or

free space.
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Figure 6.4: (a) Schematic of the experiment to measure heralded single photon detection. (b)

Heralded single photon generation. Conditional self-correlation (heralded auto-correlation)

gg ) (0). The horizontal axis shows both the raw herald rate (kHz) and on-chip singles rate (MHz);

the latter is obtained by dividing by the measured losses between the chip and the detector. The
error bars are one standard deviation. The lowest measured gg ) (0) was 0.022 + 0.004.

6.2.5 Energy-Time Entanglement

The generated photon pair is expected to demonstrate energy-time entanglement which
can be investigated through a Franson-type two-photon interference experiment, by violating
Bell’s inequality [181, 182]. Figure 6.5 shows the measurement of visibility fringes using an
unfolded Franson interferometer configuration, whose schematic is shown in Fig. 6.5(a). Down-
converted photons are split and input into two separate delay line interferometers (DLI’s) in
which the phase (delay) can be controlled, and the outputs of the DLI’s are sent to single-photon

detectors. In each DLI, a photon (labeled ‘1’ or ‘2”) can take two equally-probable paths, short

84



(S) or long (L), leading to four possible scenarios for the coincidence events measured at the
TCSPC: [SiL), |S1S2), |L1L2), and |L;S;). In the case of [S{L;) and |L;S;), since the two
photons have acquired a relative time lag larger than the two-photon correlation time, they are
distinguishable from each other as well as from |S;S;) and |LiL;); thus, there are three distinct
peaks in the histogram of counts. For the remaining two processes, the intrinsic uncertainty in the
emission time of a photon pair makes them indistinguishable from each other. The bi-photon state
|¥) reaching the detectors is therefore |¥) = % (IS1S2) +|LiLy)) = % (IS1S2) +€®|S1S2)),
where @ = ¢ + 0, with 01 and ¢, being the phases of the two DLI’s. During the measurements
of visibility, one of the DLI’s is scanned, whereas the other DLI is held stationary. The associated
coincidence rate should exhibit an interference pattern, which should go from constructive to
destructive for a phase change AP = =, as verified in Fig. 5 for two different static settings of the
second DLI.

Two fiber-coupled, polarization-maintaining, piezo-controlled delay-line interferometers
(DLI’s), each with an FSR of 2.5 GHz and peak-to-valley extinction ratio approximately 25 dB
were used in these measurements. Data scatter in the fringes was caused by fluctuations of photon
pair flux coupled to the DLI’s, which was mainly a result of a drift in the state of polarization
or variations in fiber-to-chip alignment. However, this effect is minor and negligible compared
to the expected variations, with relative phase, in the two-photon coincidence counts. The raw
measured coincidences showed three peaks, as shown in typical data plotted in Fig. 6.5(b). In
each case, a Gaussian function was seen to be a good fit to the raw data, and the peaks were clearly
separated, leading to a simple and robust fit. The fitting uncertainty (one standard deviation) is
shown as the errorbar in the plotted points and is too small to be visible. The phase of one of
the DLI’s (i.e., the phase delay between the short arm and the long arm of that DLI) was held
constant at two different settings, and the phase of the other DLI was swept over approximately
one free spectral range, tuned by voltage. In Fig. 6.5(c), the normalized coincidence counts were

calculated by dividing the raw measured counts (which varied from about 0.37 to 189 counts in
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the measurement time) by the product of the singles counts during the same time; this normalized
quantity factors out the minor variations in the singles counts with time also shown in Fig. 6.5(c).
The flat singles rates (versus phase) show the absence of single-photon interference, as desired.
Proof of photon pair entanglement requires a two-photon interference pattern fringe
visibility V > 70.7% (without necessarily providing a test of local realism) [183]. The fitted
measurements showed V clearly in excess of this threshold value, measured when the on-chip
PGR was about 235 kHz, as inferred from the recorded singles rates and the coupling losses.
Previously, a CAR measurement was performed at a similar PGR, and this is recorded in Table 6.1
alongside the V values. From the raw data, i.e., the highest and lowest value in Fig. 6.5(c), we
calculated Vi, = 99.3 £1.9% (data points shown in blue) and Vi, = 99.5 £ 1.8% (data points
shown in black) for the two phase settings of the unfolded Franson configuration. The indicated
errorbar is the uncertainty which arises from the goodness-of-fit of the parameters of the Gaussian
function used to fit the central peak; in many cases, the size of the errorbar is too small to be
visible. From a fit to the entire ensemble of measurements based on the non-linear least-square
curve fitting algorithm in Matlab, we obtained Vi; = 98.4% and Vg = 96.4% for the two cases.
These measurements confirmed the energy-time entanglement properties of the pairs, as shown

by the sinusoidal variation of coincidences with phase.

6.3 Generation of Heralded Single-Photon States

The bi-photon state |1)1]1), generated by SPDC in a waveguide of length L is [28]

|\If>°</ do; doy P(0; + ) dpm (01, @) [1)1]1)2 (6.1)

where ® is the pump spectral envelope (typically taken as a Gaussian function) and ¢py is the
phase matching function which can be written as Opy = sinc(AkL/2) where L is the length of

the waveguide and Ak is the effective wave-vector mismatch, i.e., the residual deviation from
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Table 6.1: Recent results of entangled photon-pair and heralded single-photon generation near
1.55 um wavelengths using optically-pumped SPDC in TFLN photonic devices, in comparison
with our results. Values indicated in bold are record values reported for thin-film LN SPDC
devices. The quality is defined by the pair flux or pair coincidence rate (PCR), coincidences-to-
accidentals ratio (CAR), heralded second-order autocorrelation at zero-time difference [gg) (0)]
for a heralded single photon, and the two-photon interference visibility of the photon pair [V].

Ref. | Structure PCR CAR ¢\(0) Visibility
[184] waveguide [theory] - - -
[164] | microdisk | 450 kHz 6@ - -
[165] | microdisk | 0.5 Hz(®) 43 - -
[166] | waveguide | 7 kHz(®) 15 - -
” ” 28 kHz(©) 6 - -
[11] | waveguide | 0.8 MHz@ | 631+210 - -
” ” 7.2 MHz(®) 23/) - -
[185] | waveguide | 36 kHz(®) | 6,900-+200 -
This work | waveguide 60 kHz 67,224 1+ 714 - -
” ” 598 kHz(" 7,5010) 0.022 + 0.004 -
» » 890 kHz ") 5.2100) i { 99.3+19%
99.5 + 1.8 %
” ” 3.7 MHz ") 1,4270) 0.183 £ 0.03 -
” ” 90MHz | 668+ 1.7 - -

(@) Estimated from the peak-to-side-lobe (£ 0.5 ns) ratio of coincidence counts. (®)peak value of
the raw coincidence counts divided by the measurement time, and further divided by the detection
efficiency and detector gating duty cycle. (©)From the stated pump power and on-chip pair
generation rate. (4)Erom the stated pair generation rate. (¢).(/)Estimated from Figs. 5(a) and 5(b)
in Ref. [11]. (8)Estimated from the product of the stated values of the loss-corrected normalized
brightness, bandwidth, waveguide length and the loss-corrected pump power. (") Estimated from

the measured singles rate. ()From the fitted line in Fig. 6.3(b) at the estimated PCR.
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Figure 6.5: (a) Schematic of the experiment to measure energy-time entanglement using a
Franson interferometer. (b) Representative histogram for the measurement of energy-time
entanglement, at a particular phase setting of the delay line interferometers (DLI’s). (c) Two-
photon interference pattern measured as the phase of one DLI is swept. The interference pattern
for two different phase settings on the second DLI are shown. Black and blue dots (with
errorbars): experimental data, black solid and dashed lines: sinusoidal fit. The right-hand side
axis shows the singles counts averaged over the acquisition time, measured at the same time as
the two-photon coincidences.

perfect phase matching, Ak = kp — k; — kp, — (21/A), in terms of the wavenumbers at the pump
wavelength (kp), the wavelengths of the generated photons (k; and k») and the period of the
first-order QPM grating, A. The normalization constants include factors of L and (2/m) to
account, respectively, for the integral defining the phase matching function and the reduction in
the efficiency of QPM versus perfect phase matching.

The functions ® and ¢pp;, and the resulting joint spectral intensity (JSI) are shown in

Fig. 6.6 as functions of the optical frequency v = ®/(2m) around the phase-matched point. The
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Figure 6.6: (a)-(b) Examples of a Gaussian-shaped pump spectrum ®(v; +V;), for spectral
bandwidths of 50 GHz [panel(a)] and 200 GHz [panel (b)]. The value of frequencies along the
axes are in Hertz. (c),(d) Phase-matching functions, ¢pyg, based on the numerically-calculated
waveguide dispersion. (e),(f) The joint spectral intensity (JSI) of the photon-pair states, obtained
as the product of panels (a) and (c) for the 50 GHz case, whose result is shown in panel (e), and
as the product of panels (b) and (d) for the 200 GHz case, whose result is shown in panel (f).
The dashed white lines indicate the passbands of the optical filters.

phase-matching function was calculated using the numerically-simulated dispersion relationship
for the waveguides, as shown in Fig. 1, and using a resolution of 1001 x 1001 points in the
frequency space. In traditional SPDC waveguides, phase-matching bandwidths on the order of
terahertz are usually achieved, and narrowband spectral filtering in the heralded arm may be used
to create heralded single photon states [186]. In the experiments reported here, the filters were
composite instruments, assembled from several individually-programmable modules, and had a
flat-top shape, with bandwidth about 0.8 nm.

The detection of one photon heralds the generation of the other. In general, the heralded
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Figure 6.7: The cooperativity, K, calculated as a function of the pump bandwidth. The solid

line is a visual guide, using the functional form as described in the text.
single photon is emitted into a statistical mixture of multi-frequency modes. The Schmidt
decomposition of the (appropriately normalized) two-photon state [187] writes the two photon
state in Eq. (6.1) as

) = |0) +c Y Al BL|0) (6.2)
k

where AZ and EZ are multi-frequency modes (defined by integrals over the spectral bandwidth
of the SPDC photons), K are the expansion coefficients (also called Schmidt coefficients), and
c is a normalizing constant. Although the term “broadband” is sometimes used, the frequency
support of such modes is limited to less than 100 GHz, as imposed by the filters. Because of the
non-Gaussian shape of the filters, several Schmidt modes may be transmitted with little loss. The
values of K are not the same for all £, i.e., the modes are not uniformly excited. This makes the
detailed analysis of such a system more complicated than current models [186]. The single-photon

detectors used in these experiments do not distinguish between the modes transmitted by the
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filters, but do not have unity efficiency, in practice.

The cooperativity, K = [}, Kk4] - , also known as the Schmidt rank, can be used to quantify
the degree of purity (purity P = K—!). Examples of calculated values of K based on the JSI, such
as shown in two cases out of several in Fig. 6.6, are shown in Fig. 6.7. Depending on the pump
pulse bandwidth, one may obtain separable states (K = 1) and entangled states (K > 1) during
the SPDC process in these waveguides. The solid line is a visual guide using the functional form
y=14(x+ a)_z. Although the focus of this paper is on highly-entangled states, the possibility
of nearly-separable states is indicated by Fig. 6.7 for pump pulses shorter than about 4 ps, which

can be delivered by frequency-doubled fiber mode-locked lasers.

6.4 Conclusion

In conclusion, as shown in Table 6.1, high values of CAR, as well as the first reports
of low values of gg) (0) and high values of V have been made for entangled photon pairs at
telecommunications wavelengths generated using poled nanoscale thin-film LN waveguides. The
ability to perform high resolution in-situ imaging and analysis of the poled domain structure in
3D helped in identifying the best-poled thin-film regions from which high-performance SPDC
devices were realized. Since this diagnostic technique is non-destructive, it could be useful for the
future development of more complex and multi-component quantum photonic circuits using poled
TFLN. We have demonstrated that such waveguides can generate several million photon pairs per
second at telecommunications wavelengths with high quality using much less than a milliwatt of
pump power. This significant power reduction, by two or more orders of magnitude, compared
to bulk crystals and traditional SPDC waveguides without sacrificing the high figures-of-merit
(CAR, Visibility, etc.) that is expected from traditional LN pair sources, is beneficial both for

future scale-up of on-chip quantum circuits, and for the possible colocation of sources with cooled

detectors, which is under development [188]. Taken together, these results suggest that thin-film
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LN is an attractive integrated photonics platform for low-power, but high signal-to-noise ratio

quantum optical applications.
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Appendix A

Second Harmonic Images after Multiple

Poling Pulses

Figure A.1 presents all the measured SH images after poling pulse 1-7, 10 and 16, each
with an area of 70 um x 20 um, which show the gradual domain spread along both z and y axes
of the LN thin film. Growth along the x axis can be seen from the increase of SH signal in the
inverted regions. As has been discussed in Sec. 3.2, while the domains are propagating along
the z axis from poling electrodes that carry the positive voltage, they also spread in the y axis of
the crystal. Therefore, the formed domain structures are narrower towards the ground electrodes.
This is also one of the reasons why we chose single-pulse poling in the subsequent studies, which
produces more uniform domains along z axis of the thin film. Alternatively, one may add a thin
oxide insulation layer under the poling electrodes, which has been shown to improve the domain

uniformity [130].
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Figure A.1: Measured SH images after multiple poling pulses, showing the inverted domains
gradually propagate along the z axis and spread towards the y axis of TFLN. Domain growth
along the x axis can be seen as the measured SH signals gradually increase from the minimum
(black/dark areas in the image) to maximum values (white/bright areas in the image), which as
our simulation results suggest, correspond to partly inverted domains and completely inverted
domains in depth. Note that during these experiments, the chip was removed and replaced, in
order to image the gradual growth of the inverted domains after each poling pulse, while the
scanned area was kept the same. Exact re-positioning of the sample was not achieved, resulting
in some mis-alignment in the visual appearance of successive traces. These do not significantly

affect either the results or the interpretation.
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Appendix B

Second Harmonic Image of Domains with

Sub-Micrometer Periodicity

As has been mentioned in the previous section, for narrow domains, i.e., for sub-micron
period structures here, the diffraction-limited resolution of SH microscopy masks further details
of the poled domain structures. Therefore, for sub-micron structures, only PFM images are shown
in the manuscript. But we have imaged these structures using SH microscopy as well in the
experiments.

Here, Fig. S3 shows measured SH images of the structures with poling periods of 1 um,
900 nm, 800 nm and 600 nm, each with an area of 15 yum x 25 um. The scanning step size along
the y (perpendicular to the domain walls) and z (parallel to the domain walls) axis of TFLN
here is 50 nm and 150 nm respectively, and the signal integration time per acquisition point is
5 ms. The dark strips on the top of the images are the poling electrode that carries the positive
voltage, and the black rectangle at the bottom corresponds to the ground electrode. The black
lines in between the electrodes are the domain walls, which agrees with the simulated signatures
in Fig. 3.15(a). The area that is enclosed by the domain walls are the inverted domains. Similar

to what the PFM images show, these SH images suggest that every second domain is slightly
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Figure B.1: Measured SH images for structures with poling periods of 1 ym, 900 nm, 800 nm

and 600 nm.
narrower than the two respective neighboring domains. As the poling period gets smaller, i.e., the
domain becomes narrower, this behavior is more pronounced. For A = 600 nm, every second
domain only reaches to about one half of the gap, respectively. As suggested by the simulation

results in Fig. 3.15(d), the measured SH signal in the narrow domains are much lower than that
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from the wide ones. For the 600 nm period structures, only the wide domains can be seen clearly
in the SH image, while according to Fig. 3.18 in the manuscript both the PFM amplitude and

phase images show narrow domains with width less than 200 nm.
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Appendix C

Poling Duty Cycle Calculation

The poling duty cycle is defined as § = wp /A x 100%, where wp is the width of the
inverted domain, and A is the poling period. As shown in Fig. 2 in the manuscript, the width of
the inverted domains was seen to remain the same across most of the 20 ym wide gap between
the electrodes, except for the region close to the ground electrode. The waveguide occupies a
relatively small portion of the distance. The domain width wp is calculated from two line-scans in
the poling region separated by a distance of 6 um, which is large enough to cover the optical mode
[see Figs. 1(c)-(d)], with the waveguide sitting in the center. To calculate the poling duty cycle,
five SH images were obtained along the entire 5 mm-long waveguide, each covering an area of
100 yum x 30 um, as is shown in Fig. 2; Fig. C.1 shows one of the SH images from a 1.32 um
wide waveguide as an example. The width of each individual domain is calculated based on the
two line-scans, from which we can get a distribution of the poling duty cycle for this 5 mm long
waveguide. For each waveguide, the mean value and the standard deviation of § was calculated
from an analysis of about 180 domains. As is shown in Fig. C.1(b), the duty cycles calculated
from the two line-scans agree with each other, with the mean value and standard deviation being

50.6% and 6.4% respectively.
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Figure C.1: (a) SH image of the inverted domains from a 1.32 um wide waveguide. (b)
Calculated duty cycles of each inverted domain based on the line-scans taken from the blue and
red lines indicated in (a). The lateral spacing between the line scans is sufficient to capture the
full extent of the optical mode. Other line scans within this range yield the same results.
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Appendix D

Repeatability of the SHG Spectrum
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Figure D.1: Measured SHG spectra from the same waveguide on different dates.

The measured SHG spectra of the 1.14 um wide waveguide on different dates (indicated
at the top of each plot) are shown in Fig. D.1, each curve is an averaged result of several
measurements on the same day. The spectrum measured before edge polishing [i.e., in Fig. D.1(a)]
is a bit broader and with slightly higher sidelobes, which is probably due to the un-optimized
polarization of the input pump light that can be altered by rough edges of the earlier chip, and thus
has a slightly lower peak 1 compared to those measured after edge polishing. The slight shift of
the phase-matched pump wavelength (1574.6 nm on 08/06/2019, 1575.8 nm on 03/15/2020, and

1575.6 nm on 03/16/2020) probably comes from the environment fluctuations (e.g., the humidity),
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because the waveguides were directly exposed to the air without any top cladding material.

In a wet medium, on the surface of a solid will form an absorbed water layer, whose
thickness depends on the humidity of the medium (air) and properties of the material surface at
a constant temperature. As is shown in Ref. [189], for a LN crystal with an optically polished
YZ-cut working surface, thickness of the absorbed surface water layer can reach up to 17 nm,
at a humidity of 100%. Here as an example, we simulated mode indices of a 1.24 ym wide
shallow-etched waveguide, with the surface water layer thickness varies from O nm to 15 nm at
20 °C. The calculated required poling periods for SHG from 1560 nm to 780 nm are plotted in
Fig. D.2. Note that as is discussed in Sec. 5.2.2, a 3 nm difference in poling period can cause a
3 nm shift in the QPM wavelength. Though being highly tolerant to the waveguide width and
environment temperature variation, this shallow-etched waveguide structure is quite sensitive
to etching depth, i.e., waveguide ridge height fluctuation, as can be seen from Fig. 5.6. As the
surface water layer thickness changes, we should expect a relatively evident variation in the QPM
wavelength. Therefore, slight variations in the environment humidity, and thus fluctuations in
the surface water layer thickness on the waveguide could account for the measured shift in QPM

wavelengths on different dates.
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Figure D.2: (a) Cross section of the waveguiding structure. (b) Calculated poling period as a
function of the surface water layer thickness.
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In the future, to improve the stability of this device, the chip can be encapsulated and
packaged, as is generally performed for traditional PPLN waveguides [190]. Alternatively, an
oxide cladding layer could be added to the waveguide in future design, which can not only
improve the repeatability of the measured QPM tuning spectrum, but also enhance the edge
coupling efficiency to standard tapered lensed fibers by introducing a more symmetrical optical
mode. Nevertheless, the multiple SHG spectra presented here prove that the high performance of

this device can be maintained up to at least six months.
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