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Abstract—We analyze fabrication tolerances in modal phase
matching for second-harmonic generation in MgO-doped lithium
niobate on insulator waveguides. Numerical investigation of an
etched waveguide reveals a phase-matching condition between the
fundamental TE; mode at 1550 nm and a higher-order TE->
mode at 775 nm, yielding a normalized conversion efficiency
of 111.5 % W ~'cm ™2, Fabrication-induced variations in key
geometrical parameters are then investigated, showing that the
sidewall angle is the most critical parameter, shifting the phase-
matched width by approximately 10-15nm per degree and
strongly affecting the conversion efficiency. In contrast, slab
and waveguide thickness variations have a comparatively weaker
impact.

Index Terms—Ilithium niobate on insulator, second-harmonic
generation, modal phase matching, fabrication tolerance

I. INTRODUCTION

Strong second-order nonlinearity of Lithium niobate (x (%)),
enables efficient frequency-conversion processes such as
second-harmonic generation (SHG), which require proper
phase matching between interacting waves [1].

Two main approaches are typically employed to achieve
phase matching in LNOI waveguides. The first is quasi-phase
matching (QPM), which relies on periodic poling to compen-
sate for phase mismatch and can provide very high conversion
efficiencies [2]. However, its precise domain engineering and
fabrication complexity can be challenging in nanophotonic
waveguides. An alternative approach is modal phase matching
(MPM), which exploits geometric dispersion to match the
effective indices of different modes at the fundamental and
second-harmonic wavelengths, avoiding the need for periodic
poling [3], [4].

While MPM simplifies fabrication in this respect, it requires
careful waveguide design, and the phase-matching condition
becomes highly sensitive to geometrical parameters [4]. In
practice, fabricated waveguides often deviate from their nom-
inal design due to variations in sidewall angle, etch depth,
and film thickness [5]. Such deviations can introduce phase
mismatch and significantly affect SHG efficiency. Although
fabrication tolerances have been investigated for QPM-based
LNOI devices [6], a systematic analysis in the context of
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modal phase matching remains limited. In this work, we inves-
tigate the impact of fabrication-induced geometrical variations
on modal phase matching in MgO-doped LNOI waveguides.
By analyzing the sensitivity of phase mismatch and conversion
efficiency to key geometrical parameters, we identify the most
critical fabrication tolerances and provide guidelines for robust
device design.

II. SIMULATION AND DESIGN

We numerically investigated an etched waveguide on an X-
cut MgO-doped lithium niobate on insulator (LNOI) wafer
with a thickness (h) of 600nm [Fig. 1(a)]. To identify the
geometry that enables phase matching, we used the Lumerical
MODE eigenmode solver and performed a sweep of the
waveguide top width (W) from 650 to 950 nm, while keeping
the sidewall angle fixed at 75° and the etch depth equal to
600 nm, i.e., fully etched through the lithium niobate layer.

The results show that, for a top width of 885nm, phase
matching is achieved between the fundamental TEy mode at
1550 nm and a higher-order TEs mode at the second-harmonic
wavelength of 775nm [Fig. 1(b)], with corresponding nor-
malized conversion efficiency (NCE) of 111.5% W~ 'cm ™2
(The NCE is evaluated based on the standard overlap-integral
formalism [7].) Considering the X-cut orientation, TE modes
are of particular interest because they allow access to the
largest nonlinear tensor element, d3s.

III. FABRICATION TOLERANCE

Starting from the nominal configuration, we performed 2D
sweeps of waveguide width and key geometrical parameters
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Fig. 1. (a) 3D schematic of the waveguide structure on a SiO2 substrate
with EpoCore cladding. (b) Effective refractive indices of the fundamental
TE mode at 1550 nm and the second-harmonic TE2 mode at 775 nm as
a function of top width, showing the phase-matching condition. Insets show
the corresponding mode profiles.
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Fig. 2. Heatmaps of the phase mismatch (Aneg) as a function of waveguide width and (a) sidewall angle, (b) slab thickness, and (c) waveguide thickness.
Panels (d)—(f) show the corresponding NCE (7)) at a fixed waveguide width of 885 nm, indicated by the red dashed line in panels a, b and c.

[i.e., sidewall angle (£5°), the residual slab thickness re-
maining after etching (0-50 nm), and the waveguide thickness
(£20nm)] to evaluate fabrication-induced phase mismatch,
Aneg. The heatmaps reveal that, among these parameters, the
sidewall angle plays the most critical role and represents the
most detrimental fabrication variation [Fig. 2(a)]. In particular,
the phase-matched waveguide width shifts by approximately
10-15nm per degree of sidewall-angle variation, indicating
a strong sensitivity to etch-profile deviations. In contrast,
the presence of a residual slab layer up to 50nm has a
negligible effect on the phase-matching condition [Fig. 2(b)],
while variations in the wafer thickness show only a moderate
influence on modal phase matching [Fig. 2(c)].

To further evaluate the practical impact on device perfor-
mance, we fixed the waveguide top width at 885 nm, i.e., the
designed phase-matched width indicated by the red dashed
line in Fig. 2, and analyzed the corresponding variation of
the NCE, 7. Sidewall-angle variation has a significant impact
on efficiency: a deviation of 4+5° can reduce n by about
50 % W~ lem™2 [Fig. 2(d)]. In comparison, a slab-thickness
variation up to 50nm results in a relatively small reduction
(about 10 % W—tem~2) [Fig. 2(e)]. Similarly, variations in
waveguide thickness show limited impact up to about 605 nm,
beyond which the efficiency decreases, reaching approximately
87 % W~tem~2 at 620 nm [Fig. 2()].

An important distinction between these parameters is that
the effects of slab-thickness and wafer-thickness variations
can be partially compensated by slight adjustments of the
waveguide width or operating wavelength to restore the phase-
matching condition. In contrast, deviations in sidewall angle
induce a much stronger and less easily compensable shift,
making it the most critical parameter to control during fab-
rication.

IV. CONCLUSION

In this work, we investigated modal phase matching for
second-harmonic generation in MgO-doped LNOI waveguides
and analyzed its sensitivity to fabrication-induced geometrical
variations. The results show that the sidewall angle is the most
critical parameter, strongly affecting both the phase-matching
condition and the conversion efficiency, while slab thickness
and waveguide thickness have a comparatively minor impact.
These results provide useful design guidelines for improving
the robustness of MPM-based SHG devices against fabrication
imperfections.
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