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ABSTRACT The recent development of the Lithium Niobate on Insulator (LNOI) fabrication process
has opened a bright future for integrating ultra-compact photonic circuits. Due to its excellent nonlinear
properties, as a waveguide material, LithiumNiobate supports nonlinear optical processes including efficient
sum frequency generation and second harmonic generation. To enhance these effects, precise control of mode
confinement and modal phase matching is required. In this work, we engineer an LNOI waveguide to match
the effective refractive indices of the fundamental mode, TE00 at the fundamental wavelength and second-
order mode, TE20 at the second harmonic wavelength. As waveguide geometry plays an essential role,
optimization of waveguide parameters is crucial for the design of high-performance, feasible devices. Here,
we numerically engineer and characterize the influence of rib waveguide geometry parameters including
etching depth, D, width, W and sidewall angle, θ on the phase matching condition. We find that the
waveguide phasematching condition is most susceptible to variations in the sidewall angle. For the optimized
parameter values of {D, θ} = {450 nm, 10o}, the phase-matching wavelength tunability is achieved through
the waveguide width control.

INDEX TERMS Lithium niobate, LNOI, waveguide, phase matching, second harmonic generation.

I. INTRODUCTION
PHOTONIC integrated circuits (PIC) hold promise as a tech-
nology capable of overcoming the limitations of conventional
electronic-based integrated circuits. By integrating multiple
photonic components - such as light sources, modulators,
detectors, and optical waveguides - onto a single chip, PICs
harness photonics principles to manipulate and control light
for a range of applications. Lithium Niobate (LN) is a promi-
nent material platform for implementing PICs, as it boasts
several favourable properties, including a strong electro-optic

The associate editor coordinating the review of this manuscript and
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response, large refractive index, and wide transparency win-
dow spanning 400 to 5000 nm [1]. These properties make
LN ideal for fabricating optical devices in PICs such as
electro-optic modulators [2], optical waveguides [3], [4],
nanocavities [5], and sensors [6]. While most devices have
been fabricated using established Titanium diffusion [7], and
proton exchange [8] methods, these conventional techniques
cannot be used for ultra-compact and high-density device
integration due to weak field confinement caused by low
refractive index contrast [9]. Realizing nanophotonic devices
has remained challenging until the recent development and
commercialization of Lithium Niobate on Insulator (LNOI)
techniques [10], which are similar to Silicon on Insulator
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except for the thin film LN layer deposited on top of the
silica-LN substrate. The thickness of this LN layer ranges
from 300 to 800 nm [11].

Compared to bulk LN devices, LNOI offers huge benefits
including footprint reduction, significant field enhancement
as well as minimum propagation losses. The associated high
refractive index contrast and a high degree of flexibility
during the fabrication process enable the implementation
of large-scale PICs for quantum photonic applications [12],
[13]. These applications include the efficient generation
of entangled photon pairs [14], efficient frequency con-
version [15] and modulation, as well as precise photon
detection. These effects can be realized by exploiting the
exceptional properties of LNOI [16], [17] which rely on
the phase matching condition. The condition can be relaxed
through the quasi-phase matching in periodically poled struc-
tures, which allows the compensation of the phase mismatch
due to the refractive index dispersion by periodically arranged
domains of the LNOI crystal [18], [19]. Unfortunately, this
domain inversion process requires high voltage and remains
challenging. Alternatively, geometrical optimization through
numerical engineering prior to fabricationmay enable precise
phase matching without periodic polling. Selected previous
works adopt the inverse design approach by adjusting a small
set of parameters to achieve desired optical and functional
characteristics of a device [20], [21]. In this paper, we perform
comprehensive numerical work which involves geometrical
waveguide optimization in order to obtain perfect phase-
matching.

We focus on a z-cut LNOI rib waveguide of a trapezoidal
cross-section. Similar geometries have been discussed before
in the context of lateral leakage engineering [3]. Experimen-
tally feasible [22], [23], [24], they have been discussed [25]
and exploited for efficient second harmonic generation [4],
[19]. Here, we investigate the waveguide in the context of
phase matching. We identify the pair of modes at the fun-
damental and second harmonic wavelength that fulfils the
phase-matching condition. The influence of the height, width
and sidewall angle of the core on modal properties is studied.
We optimize waveguide parameters to achieve the perfect
phase-matching condition.We determine the geometrical fac-
tors to variations of which the phase matching condition is
most susceptible. Consequently, we discuss the phase match-
ing wavelength tunability through variation of the core width
to cover the S to L band telecommunication wavelength
region ranging from 1450 to 1625 nm. The waveguide engi-
neered in this manuscript may potentially be integrated as an
element of a PIC.

II. DESIGN AND SIMULATION
Our waveguide design is performed using the commercial
Comsol Multiphysics software based on the finite element
method [26]. We assume an infinitely long waveguide allow-
ing us to exploit the 2D geometry setting. As depicted in the
cross-sectional view in Fig. 1, the waveguide consists of a

core and a thin LN slab underneath, which enables strong
modal confinement. The width of the core is W , and the
height H = D + h, where D stands for the etching depth
and h for the slab height. The core thickness is 500 nm. The
structure is deposited on a SiO2 - LN substrate and cladded
with a 2 µm thick conformal layer of SiO2 to minimize
the influence of surface contamination and to provide isola-
tion [27]. The ordinary and extraordinary refractive indices
of the congruent LN are evaluated based on the Sellmeier
equations [28], [29], which describe the dispersion relation
in the material, and the refractive index of SiO2 (nSiO2=1.44).
The maximum triangular meshing size is set to be one-fifth
of the operating wavelength for the optimal computational
processing time [26]. The inset in the bottom-right of Fig. 1
shows the orientation of the principal dielectric axes with
respect to the optical waveguide. In this case, the z-cut LNOI
allows transverse field propagation along the y-axis and con-
finement in xz-plane. This geometrical design supports both
transverse electric (TE) and magnetic (TM) modes. Never-
theless, the TE mode profile which is polarized along the
x-axis is further investigated to access the largest nonlinear
coefficient (d33) [30].

A. MODAL PHASE MATCHING
Our first goal is to achieve the phase matching condition for
the fundamental mode, TE00 at 1550 nm and the second-order
mode, TE20 at second harmonic wavelength of 775 nm. The
modal propagation through the waveguide is characterized
by the effective refractive indices, neff =

β0
k0
, where β0 and

k0 denote the propagation constant and free space wavenum-
ber, respectively. Fig. 2 shows the dependence of the effective
indices on thewaveguidewidth,W for the fundamentalmode,
TE00,1550 and the first three higher-order modes (TE00,775,
TE10,775, TE20,775). Generally, the value of neff is increased
for broader width. Compared to TE00,1550, TE00,775 is charac-
terized with a value of neff higher by 0.3856 atW = 500 nm.
The difference is reduced significantly to 0.2118 as the width
of core is increased from 500 to 1500 nm. In this case,
TE00,775 supports a stronger modal confinement as the neff
value is closer to nLN. Nevertheless, the higher order modes
at the second harmonic wavelength, TE10,775 and TE20,775
posses lower neff values. The first effective index overlap is
found for the TE00,1550 and TE20,775 modes at {W , neff} =

{975 nm, 1.889}, where the perfect modal phase matching
condition is achieved. Contrarily, overlapping of indices for
the TE00,1550 and TE00,775 modes is hardly achieved due
to the existence of material and waveguide dispersion. Hence,
the following discussion shall consider the interaction of
TE00,1550 and TE20,775 modes.

As reported in previous works, the number of supported
modes and modal confinement in a rib waveguide is highly
dependent on its geometrical structure [31], [32]. This is
represented by the following relations:

W
H

≥ 0.3 +
r

√
1 − r2

for 0.5 ≥ r ≥ 1.0 (1)
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FIGURE 1. Cross-sectional view of the z-cut LNOI rib waveguide
investigated in this work.

FIGURE 2. Effective refractive indices, neff for the first four modes as
functions of the width of core, W ranging from 500 to 1500 nm. The blue
solid line and the red lines (solid, dotted, dashed) indicate the effective
mode indices of the fundamental and second harmonic wavelengths,
respectively. The inset figures show the fundamental and second-order
transverse electric field mode profiles at the corresponding wavelengths.

W
H

≥ 0.05 +
(0.94 + 0.25H )r

√
1 − r2

for 0 ≥ r ≥ 0.5 (2)

where r = h/H . The first equation is the single mode condi-
tion in Silicon on insulator rib waveguide of large dimension,
while the latter relation corresponds to relatively small rib
structures. We extend our analysis to investigate the influ-
ence of this geometrical parameter on the phase-matching
condition.

For this purpose, we vary the etching depth, D = H (1− r)
from 320 nm to 480 nm, which corresponds to the decrement
of slab thickness, h from 180 to 20 nm. It also represents
the transition of shallowly etched towards deeply etched rib
waveguide structure. In parallel, the ratio r is reduced from
0.3 to 0.04. As depicted in Fig.3, the index overlap between
TE00,1550 and TE20,775 is observed for D > 350 nm. In shal-
lowly etched waveguides, the phase matching condition in
hard to be achieved mainly due to the mode leakage on the
slab. At D = 350 nm corresponding to h/H = 0.3, the
phase matching condition is achieved at WPM = 830 nm.
The value of WPM linearly increases with an average slope
of 2.6 for the etching depths in the range of D ∈ (350, 400)
nm. Increasing the etching depth to values higher than 400 nm
eventually leads to an insignificant variation ofWPM. On top

FIGURE 3. Influence of etching depth on phase-matching top width as we
set a fixed value of H = 500 nm.

FIGURE 4. TE00,1550 and TE20,775 mode profile variation for etching
depth D of (a) 350 nm and (b) 450 nm.

of that, it can be seen that the deeply etched rib structures
with D ∈ (350, 450) nm sustain tight mode confinement and
compact effective mode areas, as shown in Fig. 4. The small
effective area enhances coupling and conversion efficiency
between the fundamental and second harmonic wavelengths.

The major constraint for nanostructuring LNOI waveg-
uides lies in the chemically inert properties of Lithium Nio-
bate which make the fabrication of vertical rib waveguides
challenging [22]. The complicated technique of dry etching
allows the fabrication of trapezoidal waveguides which shifts
the phase matching width WPM. Hence, it is interesting to
investigate the effect of sidewall angle variation on the phase-
matching condition. We thus introduce the sidewall angle as
shown in the inset of Fig. 5. The bottom width Wb = Wt +

2D tan θ of the core is then slightly broader than the top width
Wt . At θ = 0o, results for the vertical waveguide replicate the
ones presented in Fig.3 with Wb = Wt = WPM. For trape-
zoidal waveguides, theWPM is found to decrease linearly with
the sidewall angle (Fig. 5). Intriguingly, increasing the etched
depth to D = 450 nm allows a variation of angle up to 25o,
which is out of reach for the same range of waveguide widths
at lower etching depth of D = 350 and 400 nm. Increasing
the angle higher than this value may lead to mode hybridiza-
tion, where two orthogonally polarized modes sustain almost
equal effective indices yet are anti-crossed with each other.
This phenomenon occurs due to the perturbation caused by
waveguide asymmetry, and is useful for the design of tapered
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FIGURE 5. Linear relation of the phase matching width with sidewall
angle for the etching depth of 350 nm (red), 400 nm (black) and 450 nm
(blue).

waveguides for applications such as mode conversion and
optical signal processing [33].

B. GEOMETRY OPTIMIZATION
To find the geometry which supports the second harmonic
generation process, we performed numerical optimization of
the phase mismatch, 1n = nTE00,1550nm − nTE20,775 nm,
with respect to the waveguide parameters, D, W and θ .
The numerical evaluation of the values of effective refractive
indices for a given waveguide parameters is very time con-
suming. Therefore, we are limited to 64 geometries yielding
phase mismatch values very close to zero, see Table 1. These
points are next used to build an interpolation function, (1n)2,
which is in turn minimized over the geometry parameters.
As a result, we obtained the optimal D = 450 nm, W =

800 nm and θ = 10◦.
Please note that numerical optimization of interpolating

function based on the points simulated in COMSOL is a
procedure that gives approximate results. In order to increase
the precision one can perform new numerical simulation for
the parameters found in the optimization process and update
the interpolation function. This step can be repeated as long
as the required precision is achieved.

C. PHASE MATCHING WAVELENGTH TUNABILITY
Fulfilment of the phase matching condition allows for effi-
cient second harmonic generation and creation of entangled
photon pairs in spontaneous parametric down conversion.
The phase-matching wavelength at which the processes effi-
ciently occur can be tuned through engineering of the waveg-
uide width, as we demonstrate below.

We fix the etching depth and the sidewall angle at the
optimal values of {D, θ} = {450 nm,10o}. We investigate the
phase matching between the effective indices nTE00,FF and
nTE20,SH, where the FF and SH subscripts indicate the funda-
mental and the second harmonicmodes, with the wavelengths
λSH =

λFF
2 . In our analysisλFF ranges from 1350 to 1750 nm.

The refractive index difference is shown in Fig. 6, in which
the blue areas correspond to the 1n values up to 0.01. The
found relation between the phase matching wavelength and

TABLE 1. Simulated geometries and their respective phase mismatch.
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FIGURE 6. Refractive index difference between the fundamental and
second-harmonic modes over the width of core and fundamental
wavelength at {D, θ} = {450 nm, 10o}.

waveguide width is to a good approximation linear. The range
of waveguide widths between 750 and 950 nm supports phase
matching in the range of 1350 to 1750 nm. Nevertheless,
a minimum waveguide width of 850 nm is required to
support the S up to L telecommunication band. It is also
depicted that the 1λ increases towards broader waveguide
widths, with the maximum 1λ found at W = 900 nm.
On top of that, the wider width tolerance, 1W are accessible
for longer wavelength with the maximum 1W reported
at λFF = 1750 nm.

III. CONCLUSION
In this work, a wide range of widths, etching depths
and sidewall angles of an LNOI rib waveguide has been
systematically investigated and optimized to fulfil the phase-
matching condition. The difference between effective refrac-
tive indices of the TE00,1550 and TE20,775 modes has been
thoroughly analysed over these geometrical parameters’ vari-
ations. We found that phase matching can only be achieved
in rib waveguides with large etching depths. This finding is
in agreement with the large cross-sectional SOI rib waveg-
uide equation proposed by Soref [31]. Nonzero sidewall
angles of the rib waveguide result in asymmetrical mode
profiles as well as a shift of the phase-matching width into
smaller values. Optimal phase matching has been predicted
at {D,W , θ} = {450 nm, 800 nm, 10o}. The analysis has
been extended to investigate the phase-matching wavelength
tunability with the waveguide width. Interestingly, with the
widths ranging from 750 to 950 nm the phase matching can
be achieved within the telecommunication range.

Our findings have implications for various fields: The
advancement of phase matching studies in LNOI rib waveg-
uides contributes to the progress of nonlinear optical signal
processing. By achieving phasematching between interacting
optical modes, a range of nonlinear signal processing func-
tionalities can be achieved, including all-optical switching,

wavelength conversion, and pulse shaping. These function-
alities play a vital role in high-speed optical communication
systems and advanced modulation formats. Furthermore, the
ability to achieve phase matching between different optical
modes enables the manipulation of quantum states of light,
leading to the realization of efficient and robust quantum
photonic devices such as quantum gates, quantum memories,
and single-photon sources. Finally, the frequency conversion
allows for the generation of coherent light at newwavelengths
to be used in spectroscopy and imaging technology.
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