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We demonstrate efficient on-chip green light generation
via frequency up-conversion in silicon nitride-thin film
lithium niobate (SiN-TFLN) hybrid waveguides, obtained
by transfer printing LN coupons on selected areas of
photonic integrated circuits (PICs). By utilizing modal
phase matching (MPM), our devices achieve a high
normalized conversion efficiency of 42.5% W™ 'cm™2 in a
single-pass, 2.4 mm-long waveguide configuration. The
SiN-LN transition in the waveguide inherently facilitates
mode conversion, transforming a higher-order second-
harmonic mode into a fundamental TE mode, ensuring
coherent, narrow-linewidth, green light emission. Our
waveguide platform gives rise to a wavelength shift of
~1 nm for every 10 nm of waveguide width variation and
temperature-induced wavelength tuning at ~0.02 nm/°C.

Introduction. Visible light, particularly at green
wavelengths, is crucial for diverse applications, including
biomedical imaging [1], health monitoring [2], satellite
communication [3], and quantum technologies [4]. However,
traditional optical systems for green light generation and
related applications are often bulky, expensive, and unsuitable
for compact integration. Photonic integrated circuits (PICs)
offer a transformative solution, enabling the miniaturization
and cost-effective integration of optical systems at the chip
scale. To date, the development of compact chip-scale and
efficient coherent green-yellow light sources remains a major
challenge due to the well-known green gap [5].
Semiconductor diode lasers based on InGaN alloys with high
indium content are a promising approach for direct green light
generation. However, their performance is constrained by
maximum achievable wavelength, linewidth, stability, and
overall efficiency [6]. To overcome these limitations,
frequency up-conversion techniques such as second-harmonic
generation (SHG) could be one of the potential solutions, to
convert near-infrared (NIR) pump light into green light [7-9].

Lithium niobate (LN), known for its exceptional nonlinear
properties, is an ideal material for frequency conversion due
to its high nonlinear coefficient and broad optical
transparency window [10,11]. The development of thin-film
LN (TFLN) on insulators has further enhanced its
compatibility with integrated photonics, enabling strong light
confinement and efficient nonlinear interactions in compact
waveguides [12,13].

Among phase-matching techniques, MPM has emerged as
an efficient and versatile solution for SHG [14-19]. While
quasi-phase matching (QPM) enables strong nonlinear
interactions through periodic poling, MPM achieves phase
matching by utilizing waveguide modal properties,
eliminating the complexity associated with domain inversion
while maintaining a high conversion efficiency [15]. Previous
studies have demonstrated efficient SHG using MPM in LN-
based waveguides and resonant cavities [14,16—19], but most
approaches rely on TFLN ridge formation with etched
sidewalls being the part of the waveguides, limiting
compatibility with silicon and SiN platforms and scalability
for diverse applications.

This study introduces an emerging SiN-LN hybrid
waveguide platform for green light generation, which were
explored for various photonic applications including high-
speed modulators [20], micro-ring resonators [21], large-scale
heterogeneous integration [22], tunable filters [23], and
nonlinear optical processes [24,25] at 1550 nm. Leveraging
the low-loss and well-established SiN platform, this approach
selectively integrates LN only in regions where frequency
conversion is required, utilizing micro-transfer printing and
alleviating the deleterious effect of sidewall roughness
associated with LN etching [26]. While initial design and
fabrication efforts have explored similar concepts [26,27], we
demonstrate SHG from transfer-printed LN on SiN



waveguides for the first time. By employing type-0 MPM
between the fundamental (FF) TEq pump mode and the
higher-order second harmonic (SH) TE¢ mode, our single-
pass waveguide devices achieve a normalized conversion
efficiency of 42.5% W-'cm? for the 2.4 mm-long SiN-LN
hybrid waveguides. The measured SHG efficiency only
considers the conversion from FF TEq to SH TEy;, while the
subsequent conversion from SH TE; to SH TE represents
an additional loss after the green light generation. The
transition between the hybrid SiN-LN waveguide to the bare
SiN waveguide inherently converts the TE(, green mode into
a fundamental TEo output with a calculated efficiency of
nearly 70%, delivering the most practical output mode for
downstream photonic devices and applications. Phase-
matched SHG wavelengths can be pre-set by waveguide
width as a design parameter and fine-tuned by chip
temperature, allowing flexible and precise control of green
wavelengths. Such a platform offers a scalable solution for
green light generation and holds the potential for a broad
spectrum of nonlinear photonic applications, including
spontaneous parametric down-conversion and modulation
[28,29].

Design. The hybrid SiN-LN (x-cut, y-propagating)
waveguide was designed in this work. The waveguide
consists of four regions: (i) an input SiN waveguide, (ii)-(iii)
a hybrid SiN-LN waveguide, and (iv) an output SiN
waveguide, as shown in Fig. 1(a). A 300 nm LN film on a
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Fig. 1. Design of the SiN-LN hybrid waveguide for SHG. (a) Schematic of
the proposed single-pass SHG waveguide showing the input SiN
waveguide (i), hybrid SiN-LN waveguide regions (ii)-(iii), and output
SiNwaveguide (iv). (b) Mode profiles of the TEq, pump mode in regions
(1)-(ii), the TEo; SH mode in region (iii), and the TEy, SH mode at the
output (iv). IR1/P: infrared input at 1040 nm, Green O/P: green output
at 520 nm. (c) dispersion curves of the fundamental and SH modes to
get MPM. Inset: the corresponding modes. (d) phase mismatch contour
plot (Ak) showing tunability of the mode-matching wavelength by
varying waveguide width.

300-nm-thick SiN ridge formed the hybrid region, ensuring
compatibility with silicon photonics. Mode profiles for the
1040 nm pump and 520 nm SH are shown in Fig. 1(b). In
region (i), the input SiN waveguide supports the fundamental

transverse electric (TEqo) mode of the NIR pump laser. As the
mode propagates into the SiN-LN hybrid region (ii)-(iii), it
remains in TEg but shifts into the LN layer due to its higher
refractive index, ensuring enhanced nonlinear interactions. In
region (iii), SHG occurs and the higher-order TE¢1 mode at
green wavelengths is generated. At the output SiN waveguide
(iv), the TEo mode is efficiently converted back to the
fundamental TEq mode, facilitated by ~70% mode overlap
and negligible back reflection due to the low refractive index
contrast at the SiN-LN interface. While this overlap can be
further enhanced by tapering [29], the inherent mode
conversion eliminates the need for additional mode
converters, ensuring that the output maintains a fundamental
TEoo mode with coherence matching that of the pump.

The efficient MPM-based frequency doubling design is
illustrated in Fig. 1(c). Phase matching at 1040 nm — 520 nm

is achieved by aligning the dispersion curves of the FF and
SH modes, requiring a waveguide width of ~1300 nm. The
effective mode area (2.1 um?) and spatial mode overlap
(0.27), between the FF and SH modes shown in Fig. 1(c) inset,
yield a theoretical normalized conversion efficiency of
968%W-lcm™, leveraging the highest nonlinearity of LN
(derr= dx=27 pm/V) [30]. Calculations are based on [14].
The contour plot in Fig. 1(d) illustrates the dependence of
phase mismatch Ak on waveguide width and pump
wavelength. By varying the hybrid waveguide width from
1200 nm to 1400 nm, the mode-matching wavelength (Ak = 0)
shifts from 1030 nm to 1050 nm, corresponding to SH
wavelengths from 515 nm to 525 nm. This provides a design
flexibility of ~1 nm shift in SHG wavelength per 10 nm
change in waveguide width, allowing control over the
generated green light.

Fabrication. Fabrication began with a commercially
available SiN wafer [31], consisting of a 300 nm SiN layer on
1.5 um of silicon dioxide (SiO:), supported by a 525 um
silicon (Si) substrate. Waveguides were patterned via electron
beam lithography with ZEP photoresist, followed by dry
etching (CHF3:02) to define SiN ridges. Waveguides
presented a sidewall angle of ~81°. To properly defined the
feature of interest, vertical etching was extended for an
additional ~100 nm into buried oxide (BOX). Fig. 2 illustrates

@ g
y*’* —sio, |
Si Substrate

Fig. 2. Fabrication and integration of LN coupons onto SiN waveguides:
(a) LN coupon prep on x-cut LNOI' with 300 nm LN and 2 um BOX layer.
(b) Resist tethers secure coupon during BOX undercut. (c) PDMS stamp
lifts LN coupon. (d) Coupon aligned and transferred to SiN ridge. (e)
Optical image of LN on SiN ridges (two widths). (f) SEM image showing
successful integration and alignment.




the integration of LN coupons into the SiN platform via
micro-transfer printing. The LN coupons
(2400 pm x 100 um) were prepared from commercial x-cut
LNOI wafers [32] with a 300 nm LN layer atop a 2 pum BOX
layer. The BOX layer served as a release layer during coupon
preparation from the patterned LN (Fig. 2a). A resist tether
secured the LN coupon while undercutting the BOX with
buffered oxide etchant (Fig. 2b). Using a
polydimethylsiloxane (PDMS) stamp mounted on a glass
carrier, the LN coupon was lifted from its substrate (Fig. 2c)
and aligned onto the SiN ridge, forming the hybrid SiN-LN
waveguide (Fig. 2d). The optical image in Fig. 2(e) confirms
successful LN coupon integration along SiN ridges of
different widths, while SEM imaging (Fig. 2f) validated
precise alignment. This micro-transfer printing approach
simplifies fabrication and ensures compatibility with silicon
photonics workflows. The resulting SiN-LN hybrid
waveguide provides a scalable platform for compact PICs
paving the way for advanced nonlinear photonic applications.

Results. The experimental setup, schematically shown in
Fig. 3(a), consists of a tunable NIR laser source with an
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Fig. 3. SHG in SiN-LN hybrid waveguides. (a) Experimental setup with a
tunable NIR laser (TLS), SOA, FPC, tapered fibers, IR filter, and VIS-IR
detector (PD). (b) Green light generation under bright and dark
conditions at the hybrid waveguide. (c) Quadratic SH power
dependence on pump power, matching theoretical fit. Inset: 1300 nm-
wide SiN-LN hybrid waveguide. (d) Normalized SH efficiency vs.
wavelength with a sinc? fit, confirming phase matching. TLS: Tunable
Laser Source, SOA: Semiconductor Optical Amplifier, PD: Photodetector,
FPC: Fiber Polarization Controller, WGs: Waveguides.

amplifier, followed by a fiber polarization controller. The
light is coupled into and out of the chip using tapered fibers
of 2 um mode field diameter, with the output signal passing
through an IR filter before being detected by a VIS-IR
detector. The calculated coupling losses for the FF TEqo and
SH TEg modes are approximately 3.2 dB and 6.2 dB,
respectively. Experimental results confirm the successful
generation of green light through second harmonic generation
in SiN-LN hybrid waveguides. Fig. 3(b) illustrates the green
light generation when pumped with a 1040 nm infrared laser,
visible under both bright and dark room conditions. The
emission, localized exclusively at the hybrid waveguide

section, validates the design's effectiveness. Fig. 3(c)
illustrates the dependence of SH power on input pump power
at 25°C with a pump wavelength of 1040 nm. The
experimental data align closely with the theoretical quadratic
fit, demonstrating efficient nonlinear frequency conversion.
The waveguide, with a 1300 nm top width with a sidewall
angle of 81°(inset), achieved a normalized conversion
efficiency, n of 42.5% W-'cm for the conversion of 1040 nm
to 520 nm, calculated using the formalism outlined in [14] for
single-pass SHG devices. We primarily attribute the
discrepancy between experimental and theoretical efficiency
to abrupt SiN-hybrid waveguide interfaces, which induce
deviations from the designed fundamental and second-
harmonic modes.

Additional contributing factors include fabrication-induced
width variations, slight angular misalignment of the LN
coupon relative to the y-propagation direction, which affects
mode matching along the propagation length, and propagation
losses—particularly significant for the higher-order, lossy
second-harmonic mode. Among these, the most critical
variable is the waveguide width whose even small variations
degrade the SHG performance compared to a uniform width
along the propagation length. In contrast, deviations in
sidewall angle, etch depth, and LN coupon placement angle
within standard fabrication limits tend to have a lesser impact
on the SHG performance. The propagation loss of the
fundamental TE¢ mode was reported to be <1 dB/cm at
1550 nm [33] for the same SiN transfer-printed LN platform,
and we expect a similar value for our work at 1040 nm. The
loss measurement of SH TE¢ modes is challenging as it is
internally generated within the waveguides. Hence, the loss
values for both the modes are not yet accurately known and
loss measurements will be performed in our future research.
Engineering the waveguides to achieve a smooth transition of
the modes from SiN to the hybrid waveguide and vice versa
can significantly enhance overall performance, along with
improvements in fabrication and other contributing factors.
Wavelength-dependent SHG efficiency is presented in Fig.
3(d) at 25°C. A sinc-squared fit (black line) of the
experimental normalized conversion efficiency (red circles)
demonstrates a strong agreement between the experimental
data and theoretical expectations. For a 2.4 mm-long
waveguide, a conversion efficiency of 2.4 %W-! with a 3 dB
bandwidth of 0.8 nm is observed. Theoretically, SHG
efficiency increases quadratically with waveguide length,
suggesting better performance at longer lengths. However,
propagation loss—particularly for the SH TE(; mode—Ilimits
this advantage in practice after a certain waveguide length.
Although efficiency could be further enhanced by
incorporating cavity structures such as ring resonators or
Fabry-Perot cavities [18,19,27,34], the primary focus here is
to demonstrate the effectiveness of the proposed hybrid
platform based on micro-transfer printed LN for SHG using a
single-pass waveguide structure.

Temperature-dependent wavelength tuning is demonstrated
in Fig. 4(a), where SH spectra at the phase-matched
wavelengths, recorded at 25°C (black), 50°C (red), and 75°C



a ®) 520.5 1041
2 1.0 [ 25°¢ —50°C —75°C [ Experimental

a2 - r : 1€ SH peaks Fit o =
E 0.8} 0.06 E (Slope ~ 0.02 nm/°C)/// E
E 06l 0.04 ” % 520.0 / 11040 %
N o04f 22111 8 / 3
S o2l o 1T / T diit o
= f 1038 1040:1042| w5195 Redshift 11039 -
2 0.0 J I

20 30 40 50 60 70 80
Temperature, T (°C)

518 520 1036 1040 1044
SH Wavelength (nm)

Fig. 4. Temperature-dependent second-harmonic (SH) wavelength
shift. (@) SH spectraat 25°C (black), 50°C (red), and 75°C (blue), showing
a redshift in mode matching wavelength with increasing temperature.
Inset: zoomed-in view of filtered fundamental peaks. (b) SH peak shift
(Asn) vs. temperature. Experimental data (black dots) and fit (red line)
showing a slope of ~0.02 nm/°C, attributed to the temperature-
dependent refractive index variation.

(blue), exhibit a clear redshift in peak position with increasing
temperature. The inset in Fig. 4(a) shows the filtered infrared
(IR) pump spectra at the output, corresponding to phase-
matching pump wavelengths at different temperatures.
Fig. 4(b) quantifies this shift, revealing a linear phase-
matching dependence with a slope of ~0.02 nm/°C, attributed
to temperature-dependent refractive index variation. While
the tunability is constrained by the chosen FF and SH modes,
it provides valuable flexibility for integrating wavelength-
sensitive on-chip devices such as lasers, filters, and cavities,
while also confirming the susceptibility of wavelength shifts
to minor room-temperature variations. These results highlight
the scalability, tunability, and high performance of the SiN-
LN hybrid waveguide platform, reinforcing its potential for
compact nonlinear photonic devices. To contextualize our
results, we compare our type-0 MPM-based SHG in SiN-LN
hybrid waveguides with studies for green light generation
with single-pass configurations, as summarized in Table 1.

Table 1. Single-pass devices with MPM/BPM for green light generation
Mode Waveguide Max 1

Matching Wavelengths (nm) (%W 'cm™) Year/Ref
Tl o090 0.12 2017 [35]
et ot 532 37 2024[17]

(o) 100520 3 205

Type-I/Il MPM in z-cut LNOI ridge waveguides, achieving
a maximum normalized conversion efficiency of
0.12%W-'ecm™ for 1018 nm to 509 nm SHG were
reported [28]. More recently, type-I birefringent phase
matching (BPM) was employed, which is the same as MPM
in z-cut lithium niobate waveguides for 1064 nm to 532 nm
conversion, reaching 37%W-'ecm? [17]. In our work, we
utilize type-0 MPM in x-cut LN and achieve a record-high
conversion efficiency of 42.5%W-'cm? for 1040 nm to
520 nm conversion. This efficiency can be further enhanced
by optimizing factors such as the coupling between the SiN
and hybrid regions. This enhancement over previous
demonstrations is driven by optimized mode overlap, reduced
effective area, strong x> nonlinearity (d33), and precise
SiN-LN hybrid integration. These results highlight the

advantage of type-0 MPM in achieving high-efficiency SHG
while maintaining a scalable and fabrication-compatible
platform for integrated nonlinear photonics.

Conclusion. This work demonstrates efficient on-chip
green light generation via frequency up-conversion in SiN-
LN hybrid waveguides using type-0 MPM. The transfer-
printed LN integration enables a scalable, compact, and high-
performance platform for visible-light photonics and
nonlinear optical applications. A normalized efficiency of
42.5%W-'em™is achieved in a 2.4 mm-long waveguide. The
device showed thermal tunability (~0.02 nm/°C) and a 3 dB
bandwidth of 0.8 nm, with inherent TEo;-to-TEqy mode
conversion. This work lays the foundation for visible-
wavelength PICs, with future efforts aimed at integrating on-
chip NIR lasers, enhancing coupling, and adding Fabry-Pérot
and ring cavities for efficient green light generation.
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