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Thin-film periodically poled lithium niobate (TF-PPLN) devices have recently gained prominence for efficient
wavelength conversion processes in both classical and quantum applications. However, the patterning and poling
of TF-PPLN devices today are mostly performed at chip scales, presenting a significant bottleneck for future large-
scale nonlinear photonic systems that require the integration of multiple nonlinear components with consistent
performance and low cost. Here, we take a pivotal step towards this goal by developing a wafer-scale TF-PPLN
nonlinear photonic platform, leveraging ultraviolet stepper lithography and an automated poling process. To
address the inhomogeneous broadening of the quasi-phase matching (QPM) spectrum induced by film thickness
variations across the wafer, we propose and demonstrate segmented thermal optic tuning modules that can pre-
cisely adjust and align the QPM peak wavelengths in each section. Using the segmented micro-heaters, we show
the successful realignment of inhomogeneously broadened multi-peak QPM spectra with up to 57% enhance-
ment of conversion efficiency. We achieve a high normalized conversion efficiency of 3802% W−1 cm−2 in a 6 mm
long PPLN waveguide, recovering 84% of the theoretically predicted efficiency in this device. The advanced fab-
rication techniques and segmented tuning architectures presented herein pave the way for wafer-scale integration
of complex functional nonlinear photonic circuits with applications in quantum information processing, preci-
sion sensing and metrology, and low-noise-figure optical signal amplification. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.516180

1. INTRODUCTION

Thin-film periodically poled lithium niobate (TF-PPLN) devices,
renowned for their strong optical nonlinearity and excellent light
confinement, are essential nonlinear photonic building blocks for
the next generation of optical communication and quantum in-
formation processing systems [1]. Due to the substantially en-
hanced optical intensity in tightly confined waveguides, TF-PPLN
wavelength converters exhibit more than one order of magnitude
higher normalized conversion efficiencies compared to their bulk
counterparts [2–4]. These highly efficient TF-PPLN waveguides
have enabled many high-performance nonlinear devices, including
resonator-based ultra-efficient wavelength converters [5,6], broad-
band optical parametric amplifiers [7,8], and entangled photon-
pair sources [9,10]. Moreover, TF-PPLN devices enjoy excellent
compatibility with other on-chip functional photonic devices

available on the thin-film lithium niobate (TFLN) platform, such
as integrated electro-optic modulators [11,12], acousto-optic mod-
ulators [13], frequency combs [14–16], as well as heterogeneously
integrated lasers [17] and photodetectors [18–20]. By now, this
integration compatibility has empowered chip-scale nonlinear
and quantum photonic systems with unprecedented perfor-
mances, including efficient quantum squeezers [21,22], femtosec-
ond all-optical switches [23], octave-spanning optical parametric
oscillators [24], and integrated Pockels lasers co-lasing at infrared
and visible wavelengths [25]. Additionally, to facilitate the active
control of quasi-phase-matching (QPM) wavelength, thermally
tunable TF-PPLN waveguides with high tuning efficiencies have
also been developed [26].

Despite the remarkable achievements of TF-PPLN de-
vices, their fabrication today still relies on waveguide pattern-
ing and crystal poling processes performed on individually
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centimeter-sized chips based on electron-beam lithography and
manual poling. In recent years, wafer-scale fabrication tech-
niques have been developed for TFLN devices with passive
or electro-optic functionalities [27]; however, these processes
have not yet been extended to include nonlinear photonic de-
vices like TF-PPLN waveguides. This limitation persists mainly
due to repeatability and throughput issues of the manual peri-
odic poling processes. It is also technically challenging for an
R&D lab to reliably achieve high-quality nanoscale poling elec-
trodes and accurate multi-layer alignment on a wafer scale.

Another key challenge that arises when moving towards
larger-scale integration and fabrication is the distortion of QPM
spectra at extended PPLN waveguide lengths, since TF-PPLN
waveguides are highly sensitive to variations in the optical wave-
guide dimensions due to their strong geometric dispersion.
Among various factors, e.g., etching depth, top width, and film
thickness [28–31], our previous study has concluded that film
thickness variation is the predominant cause for the QPM spec-
trum degradation in TF-PPLN, which often leads to broadened
or multi-peak QPM profiles and decreased conversion efficien-
cies [32]. Our simulation results indicate that for 600 nm thick
MgO-doped TF-PPLN waveguides, the QPM peak wave-
length for second-harmonic generation (SHG) shifts by 6 nm
when the film thickness changes by merely 1 nm. This is par-
ticularly problematic for a wafer-scale process where the film
thickness variation across a lithium niobate on insulator
(LNOI) wafer is typically �10 nm, leading to significant dis-
tortion of the QPM spectrum within each PPLN device and
inconsistent peak QPM wavelengths across different PPLN
devices in a larger nonlinear photonic circuit.

To address the QPM inhomogeneous broadening issue, it
has been proposed that by fine-tuning the geometric parame-
ters, an optimal noncritical phase-matching configuration can
be achieved, rendering the PPLN waveguide less susceptible to
variations in thickness [33]. This method however requires a
thicker film of 900 nm and a large etching depth, which is chal-
lenging in fabrication and not compatible with other com-
monly used devices in the TFLN platform. More recently,
a novel approach has been introduced that leverages pre-
fabrication mapping of the film thickness to design customized
poling electrodes with domain inversion periods that are
adapted to the local film thicknesses [34]. This method
effectively suppresses the QPM inhomogeneous broadening
and enables a record-high overall conversion efficiency of
10,000% W−1 for PPLN waveguides. However, this technique
relies on time-consuming two-dimensional thickness mapping
and requires a unique poling electrode design for each chip,
and thus still faces challenges in achieving high-throughput and
cost-effective fabrication of future TF-PPLN nonlinear pho-
tonic circuits.

In this work, we tackle these challenges by developing a
wafer-scale TF-PPLN nonlinear photonic platform with seg-
mented thermal-optic (TO) tuning modules. We demonstrate
reliable fabrication of TF-PPLN devices on a 4-inch TFLN
wafer utilizing ultraviolet stepper lithography and an automated
poling process. To counteract the inhomogeneous broadening
effects resulting from film thickness variations across the wafer,
we design and fabricate segmented micro-heaters that are

capable of locally fine-tuning and aligning the QPM spectral
peaks within each individual section to achieve substantially
enhanced wavelength conversion efficiencies. We show the suc-
cessful recovery of a sinc-like QPM spectrum, with up to 57%
improved peak SHG efficiency compared with the as-fabricated
devices.

2. DEVICE DESIGN AND OPERATION
PRINCIPLE

Figure 1 presents a conceptual schematic of a wafer-scale
nonlinear photonic platform based on TF-PPLN waveguides
integrated with segmented TO tuning modules. Without
micro-heaters, the QPM spectra of TF-PPLN waveguides typ-
ically see broadened or multi-peak profiles due to variations in
film thickness and other geometric parameters (e.g., etching
depth or top width), as shown in Fig. 1(c). By individually
controlling the thermal power applied to each micro-heater
[Fig. 1(a)], we can precisely adjust and align the QPM peaks
to converge on the desired target peak wavelength, as shown in
Fig. 1(b). The segmented micro-heaters essentially fine-tune
the effective film thickness in each section to enhance the global
flatness of the TF-PPLN chip. Under this circumstance, the
peak conversion efficiency of the PPLN waveguides could be
recovered to approach the ideal level, depending on the remain-
ing un-compensated film thickness variations. To some extent,
this idea is similar to the historical differential heater designs in
bulk LN nonlinear optics for compensation of material non-
uniformity in non-congruently melting lithium niobate mate-
rials [35,36], and is also recently reported in Ti-diffused PPLN
waveguides [37].

To validate our concept, we simulate the QPM spectra with
thickness variation and those after optimized local thermal
tuning, as illustrated in Fig. 2. Here we consider two scenarios:
(i) a hypothetical scenario where the film thickness linearly
increases from the input to the output port; (ii) a realistic sce-
nario based on actually mapped thickness data from our recent
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Fig. 1. Schematic illustration of the wafer-scale PPLN optical wave-
guides featuring segmented micro-heaters. Insets: (a), (b) recovered
QPM spectrum (b) after thermal tuning with segmented heating
powers (a). (c) Broadened QPM spectrum due to thickness variation
before thermal tuning.
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research. In the first case, the film thickness linearly increases
from 600 to 602 nm over a 6 mm device length, which cor-
responds to a linearly chirped peak QPM wavelength from
1529 to 1541 nm, as shown in Fig. 2(a). This leads to signifi-
cant degradation in the peak conversion efficiency and
deviation from the ideal QPM spectrum [Fig. 2(c); blue dashed
curve denotes the ideal spectrum]. However, when we equip
this inhomogeneously broadened TF-PPLN waveguide with
four segmented TO tuning modules that align the center
QPM wavelengths in each section [Fig. 2(b)], the normalized
conversion efficiency is restored to 98% of the ideal value with
a nearly sinc QPM spectrum, as shown in Fig. 2(d). To inves-
tigate the performance of our segmented tuning scheme in a
more realistic scenario (second case), we use the mapped thick-
ness data from our previous study [Fig. 2(e)] [32], which lead to
a multi-peak QPM spectrum with a peak conversion efficiency
∼45.2% of the ideal case [Fig. 2(g)]. Similar to the first case, by
aligning the local effective film thickness using micro-heaters,
the normalized conversion efficiency could be enhanced by a
factor of 2.2, to 97% of the ideal case, as shown in Fig. 2(h).
Moreover, the QPM spectrum is successfully recovered to a sin-
gle main peak with a standard sinc profile.

3. DEVICE FABRICATION AND
CHARACTERIZATION

We perform wafer-scale fabrication of the TF-PPLN devices
using a process detailed in Fig. 3. The device is fabricated
on a commercial 4-inch LNOI wafer supplied by NANOLN
Ltd., comprising a 600 nm MgO-doped LN thin-film layer, a
2 μm oxide buffer layer, and a 500 μm silicon substrate. First,
the poling finger electrodes are patterned using an i-line UV
stepper lithography (ASML), followed by thermal evaporation
of nichrome (NiCr) and gold (Au) and a standard lift-off pro-
cess, as shown in Fig. 3(a). Second, we employ a home-built
automated probe station that is programmable to precisely po-
sition the probes on the poling electrodes sequentially and ap-
ply two 10 ms long poling pulses, each reaching a peak voltage
of 480 V [38–40]. Our homemade automated poling station is
equipped with a two-dimensional precision control stage
(Newport model 8742) for alignment of the sample in the
X and Z directions, complemented by two three-dimensional
translational stages that position the probes connected to the
positive and negative poling electrodes. During the poling
experiment, after ensuring proper contact between the first
set of poling electrodes and the probes, the automated poling
process is set to start, controlled by a LabVIEW program.
During this process, the sample stage automatically moves
down, advances forward, and moves up to initiate the nextFig. 2. Simulated QPM spectra with (right column) and without

(left column) segmented thermal tuning in the cases of (a)–(d) linearly
increasing film thickness and (e)–(h) realistic thickness profile.
(a), (e) Local QPM wavelengths along the TF-PPLN waveguides (red)
compared with the target QPM wavelength (blue). (c), (g) Corres-
ponding simulated QPM spectra (red) in comparison with the ideal
QPM spectrum (blue). (b), (f ) Local QPM wavelength distributions
after the center QPM wavelengths in each section are aligned by the
segmented micro-heaters. (d), (h) Corresponding recovered QPM
spectra by the micro-heaters.

Fig. 3. (a) Fabricated 4-inch LNOI wafer patterned with finger
electrodes for periodic poling. (b) Wafer after periodic poling and pat-
terning of optical waveguides. (c) Final cleaved TF-PPLN chip wire-
bonded to a PCB. (d)–(f ) Cross-sectional schematics of the fabrication
process flow, specifically, (d) high voltage poling; (e) optical waveguide
formation using RIE; and (f ) fabrication of the segmented micro-heat-
ers. (g) Close-up microscope image of the fabricated segmented micro-
heaters. Scale bar: 250 μm. (h) Measured QPM wavelength as a func-
tion of increasing heating power.
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poling cycle, until the whole die containing 28 sets of electrodes
is poled. This automation facilitates the reliable periodic poling
of an entire 1.5 cm × 1.5 cm die without manual control or
intervention, significantly reducing the workload of wafer-scale
periodic poling. For additional operational details, please refer
to the Visualization 1 video illustrating the stage movement and
poling sequence. Third, after removal of all metal electrodes, a
second aligned stepper lithography is carried out to define the
patterns of optical waveguides in the poled regions. An 800 nm
thick AZ7908 photoresist is exposed at a dose of 230 mJ∕cm2

and developed for 60 s in FHD-5. The softbake and post-
exposure bake temperatures are 90°C and 110°C for 60 s and
60 s, respectively. The exposed photoresist patterns are then
transferred to the LN layer using an Ar�-plasma-based reactive
ion etching (RIE) process [Fig. 3(b)]. Subsequently, the fabri-
cated TF-PPLN waveguides are cladded in silicon dioxide
(SiO2) using a plasma-enhanced chemical vapor deposition
(PECVD) system. Fourth, another two aligned photolithogra-
phy processes are employed to fabricate the NiCr heaters in the
vicinity of the optical waveguides, as well as the Au electrodes
and bonding pads for wire bonding, similar to the process de-
scribed in Ref. [26]. Finally, the fabricated device undergoes
cleaving and facet polishing to ensure good end-fire optical cou-
pling. The Au electrode pads, consisting of four or eight pairs of
electrodes (each pair comprising one positive and one negative
electrode), are wire-bonded to a printed circuit board (PCB) to
facilitate independent control of each segmented micro-heater
[Fig. 3(c)]. The gap between adjacent micro-heaters is 100 μm
and the resistance of the 1.425 mm (for 6 mm long PPLN) and
1.1625 mm (for 1 cm long PPLN) long heater is ∼1000 Ω
and ∼640 Ω, respectively. The full device fabrication flow is
illustrated in the cross-sectional schematics in Figs. 3(d)–3(f ).
Figure 3(g) shows a close-up microscope image of the fabricated
segmented micro-heaters. To evaluate the tuning efficiency of
our segmented micro-heaters, uniformly increasing direct cur-
rents are applied simultaneously to all electrodes. As depicted in
Fig. 3(h), the peak QPM wavelength exhibits a red shift in re-
sponse to the incremental heating power, which indicates a
thermal tuning efficiency of 50 pm/mW, which could be fur-
ther improved by reducing the thermal power leakage using a
suspended structure [26]. During our testing over several days,
we have not observed significant change or damage to the
heaters or the wire bonds at heating powers up to 1.5 W.

Finally, we demonstrate the effective recovery of distorted
QPM spectra using our segmented TO tuning modules, as
shown in Figs. 4 and 5. The TF-PPLN devices follow a similar
design to our previous work [2], targeting SHG from telecom
to near-visible bands. A telecom tunable light source (Santec
TSL-550) is coupled into and out of the fabricated devices uti-
lizing two optical lensed fibers. A fiber polarization controller is
used to maintain a fundamental transverse-electric (TE) mode
input. The measured SHG efficiency as a function of pump
wavelength, also known as the QPM spectrum, is acquired
by sweeping the input wavelength and simultaneously record-
ing the output SHG power using a visible-band photodetector
(Newport 1801). The on-chip SHG efficiency is obtained by
carefully calibrating and de-embedding the visible and telecom
coupling losses of the chip. For a 6 mm long device in Fig. 4(a),

the QPM profile without thermal tuning features three dom-
inant peaks at 1545.1 nm, 1548.8 nm, and 1554.9 nm. The
highest peak conversion efficiency clearly falls short of the
theoretical optimum (∼64% compared with ideal QPM peak,
blue dashed curve) due to the inhomogeneous broadening of
the QPM spectrum. We subsequently apply DC currents to
the four segmented micro-heaters integrated with this TF-
PPLN waveguide. We first set the heating power of each
micro-heater to 50% the maximum capacity to establish a base-
line for tuning. By monitoring the QPM spectrum change
when increasing/decreasing the power on each micro-heater,
we obtain the qualitative tuning trend for each heater, which
allows us to coarsely align the most prominent QPM peaks.
We then fine-tune and optimize the QPM spectrum by iter-
atively adjusting the powers on each micro-heater [Fig. 4(e)]
to achieve a single-main-peak QPM spectrum as depicted in
Fig. 4(b). The measured peak second-harmonic (SH) conver-
sion efficiency after thermal tuning is 3802% W−1 cm−2,
which is increased by 32% from the initial value
(2878% W−1 cm−2) and corresponds to 84% the theoretical
conversion efficiency (4500% W−1 cm−2). The remaining mi-
nor discrepancy from an ideal efficiency is mainly attributed to
the small sub-peak at 1560.9 nm, which could not be merged
into the main SHG peak in this particular set of devices, pos-
sibly due to a larger thickness variation than expected at a cer-
tain location of the chip. Moreover, it is also feasible to further
re-shape the QPM spectra by applying another set of tuning
currents, as exhibited in Fig. 4(c).

We further fabricate and test a 1 cm long TF-PPLN optical
waveguide with eight segmented micro-heaters, which ideally
features a higher absolute conversion efficiency but is more
prone to film thickness variations. As shown in Fig. 5(a), before
the thermal tuning of micro-heaters, the QPM spectrum exhib-
its many unwanted sidelobes, which degrades the SHG conver-
sion efficiency from the ideal value. Similar to the case above,
by applying appropriate DC powers [as indicated in Fig. 5(c)],
we achieved a 57% enhancement of peak SH conversion
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Fig. 4. (a)–(c) Measured SHG intensities as functions of pump
wavelengths for a 6 mm TF-PPLN waveguide before applying tuning
currents (a), after optimization of the heater powers (b), and with an
arbitrary set of tuning parameters (c). (d)–(f ) DC powers applied to
each segmented micro-heater for the scenarios in (a)–(c), respectively.
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efficiency, with significantly suppressed sidelobes, as the mea-
sured QPM spectrum in Fig. 5(b) shows. The measured on-
chip SHG efficiency for this device is 1153% W−1 cm−2 at
optimized thermal tuning parameters (734% W−1 cm−2 before
tuning). This value is ∼68% that of a device without inhomo-
geneous broadening (1700% W−1 cm−2), estimated by assum-
ing the area underneath the QPM spectrum is invariant for
inhomogeneous broadening. The remaining discrepancy from
the simulated conversion efficiency is mainly due to insufficient
poling depths in these 1 cm PPLN waveguides, which were
fabricated from an earlier, less optimized batch of TF-PPLN
production. We also note that the areas beneath the QPM
transfer functions before and after thermal tuning are consistent
in both devices.

4. CONCLUSION AND DISCUSSION

In conclusion, we have demonstrated the wafer-scale pro-
duction of TF-PPLN optical waveguides leveraging UV
stepper lithography and an automated poling probe station.
We address the degradation of conversion efficiency due to
inhomogeneous film thickness by employing a segmented ther-
mal tuning scheme. We show the successful recovery of single-
peak QPM spectral profiles with up to 57% enhancement of
the peak conversion efficiency, and achieve a highest normal-
ized conversion efficiency of 3802% W−1 cm−2 in a 6 mm long
device. Importantly, this is achieved without the need of pre-
fabrication thickness mapping or design compensation, which
is highly appealing for high-volume and low-cost wafer-scale
production. The thermal tuning efficiency can be further en-
hanced by incorporating local air trenches to minimize heat
leakage [26]. LNOI wafers with better initial thickness varia-
tions are also expected to reduce the required heating powers
in our devices. Even higher peak conversion efficiencies and
better QPM spectral shapes could be achieved by implement-
ing more thermal tuning modules and an automated control
algorithm for optimizing the tuning parameters. This will en-
able faster searching for optimal working points, simultaneous
control over multiple TF-PPLN devices, and real-time adapta-
tion to environmental drifts. Our segmented heater design
could also be combined with the adaptive poling method to
compensate for the remaining inhomogeneous broadening
effects and facilitate active tuning of QPM wavelengths.
The scalable fabrication and tuning methodologies presented
in this work mark an important step towards future large-scale

nonlinear photonic integrated circuits with high efficiencies,
versatile functionalities, and excellent reconfigurability, unlock-
ing new opportunities for future quantum and classical pho-
tonic applications.
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