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ABSTRACT 

Using Soft Proton Exchanged (SPE) waveguides in lithium niobate for nonlinear interactions combining quasi-
phase-matching and modal phase-matching allowed us to precisely determine the index profile of SPE waveguides 
and show that they can present phase-matching configurations unsensitive to waveguide parameters variations. 
Numerically we have shown that this property is due to the particular index profile of the SPE waveguides and 
that it can be extended to other material combinations as soon as they present similar index profiles.  
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INTRODUCTION 

At the beginning of nonlinear integrated optics, the idea of using modal dispersion to compensate for material 
dispersion was envisioned and tested several times [1,2] and some authors noticed that it was a way to obtain 
noncritical phase-matching conditions [3,4]. Nevertheless, as soon as the Quasi-Phase-Matching techniques have 
been available, the community focussed on the optimization of devices using the first order mode for both 
interacting wavelengths. This choice was motivated by the fact that in this case it is easier to optimize the overlap 
between the interacting modes and to couple the light in and out of the nonlinear waveguide. Nevertheless, in this 
configuration, the phase-matching in optical waveguides is so critical that any inhomogeneity becomes 
problematic [5] and that the fabrication tolerances limit the application possibilities [6]. 

In this paper we show that using Soft Proton Exchanged (SPE) waveguides in PPLN and combining quasi-
phase-matching (QPM) and modal-phase-matching (MPM) allows obtaining phase matching conditions, 
associating a TM00 mode for the fundamental and a TM10 mode for the harmonic, unsensitive to the waveguide 
width. Furthermore, we show that it is possible to exploit the many Second Harmonic Generation (SHG) processes 
in the same waveguide, to reconstruct precisely the index profile of these SPE waveguides. 

Further numerical studies allowed us to show that the unsensitivity of the TM00-TM10 combination in SPE 
waveguides is linked to the particular index profile of these waveguides and that this unsensitivity can be extended 
to other material combinations with completely different waveguide dimensions as long as the shape of the index 
profile is maintained. 

1. Experimental observation of the unsensitivity and determination of the index profile. 

We measured the second harmonic generation spectra of SPE waveguides fabricated in a PPLN crystal through a 
mask presenting openings of width 5, 6, 7 and 8 µm. At the output of the waveguide, the collected beams at λ and 
λ/2 were separated and sent either on a joule meter or a camera to measure either the energy of the pulses or the 
energy transverse spatial distribution of the mode. In figure 1, we present one of these spectra, in which we 
observed mainly three phase-matching configurations: (1) TM00 at λ and TM00 at λ/2, (2) TM00 at λ and TM02 at 
λ/2, and (3) TM00 at λ and TM10 at λ/2. For the two first configurations, the phase matching is sensitive to the 
waveguide width, but for the third one, the sensitivity is extremely small. To understand this phenomenon, we first 
determined the index profile and the dispersion of the waveguides that allow obtaining all these SHG processes. 
Based on previous studies, we looked for an index profile given by the following equation :  

𝑛(𝑥, 𝑦, 𝜆) = 	𝑛*+(𝜆) + 𝛿𝑛.(𝜆) ∗ 𝑓(𝑥) ∗ 𝑔(𝑦)  (1) 

For the substrate dispersion nLN(λ) we used a classical Sellmeier equation : 
𝑛*+(𝜆)2 − 1 = 	 2.67.8	9:
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For the waveguides, the dependences on width (x) and depth (y) were taken of the type : 
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while the dispersion of the index increase due to the SPE process is supposed to have the following shape [7] : 
𝛿𝑛.(𝜆) = 𝛿𝑛. + 𝛿 ∗ 𝑒;_	9	 (4)	



The waveguides index profile and dispersion are therefore represented by 7 unknown parameters, w, L, b, α, 
δn0, δ and a which can be precisely determined using 7 or more equations each observed SHG signal giving a 
different equation. We obtained the best fit with : 

w = 0.7289, L = 2.2244, b = 0.572, α = 0,672, δn0 = 0.0458, δ = 0.241, and a = -6.0543. 
 

 

 

 

 
Fig. 1. Phase matching spectra of SPE WG 
realized on PPLN using different modal 
configurations for Λ=16.4 µm. 

Fig.2. Numerically calculated phase-matching period compensating for the  
phase mismatch Δβ between TM00 mode at λ and TMij modes at λ/2 as a function 
of the  waveguide width. In this figure, the colors represent the sequence number 
of the modes by decreasing effective indices. Pictures represent the energy 
profile of the harmonic modes that have been observed experimentally. 

2. Numerical Studies 

2.1 Phase mismatch in SPE waveguides 
Using these parameters, in Fig. 2, we plot the poling period Λ necessary to compensate for the phase mismatch 

Δβ between the TM00 mode at λ and any of the TMij modes (i and j being the number of zeros of the field along 
the depth and width axes respectively) supported by these waveguides at λ/2 as a function of the waveguide width. 
This phase mismatch is represented by the quantity: Δβ = 8c
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of the TMij mode  at the harmonic wavelength λ/2, and n00(λ) is the effective index of the TM00 mode at the 
fundamental wavelength λ.  

In Fig. 2, we can see that Δβ varies more or less with the width of the waveguide whatever mode is chosen for 
the harmonic frequency, except when the harmonic is carried by the TM10 mode. In this case and in this range of 
width, the waveguide index profile is such that the TM00 mode at λ and the TM10 mode at λ/2 have the same 
variation with the waveguide width and therefore the quantity Δβ remains unchanged. It can be compensated by a 
periodic inversion of the sign of the nonlinear coefficient with a period Λ = 2π/Δβ. This corresponds to an 
unsensitive phase matching configuration which is quite remarkable as the phase matching is preserved whatever 
the waveguide width, chosen in a range that extend from 4 to 8 µm at least. Note that numerically we can calculate 
the phase mismatch between the TM00 mode at λ and the TM01 or the TM03 mode at λ/2, but no SHG is observed 
experimentally corresponding to these combinations because the overlap between the interacting mode is very 
poor in these cases. Numerically, we can plot similar curves presenting Δβ as a function of the waveguide depth 
or of the index increase (Fig. 3 and 4), and we observe the following result: for the TM00 mode at λ and the TM10 
mode at λ/2, the phase-mismatch in SPE waveguides do not vary significantly with any of the waveguide 
parameters.  

 

  

Fig.3. Numerically calculated phase-matching period 
compensating for the  phase mismatch Δβ between TM00 mode at λ 
and TMij modes at λ/2 as a function of the waveguide depth 
parameter b. 

Fig.4. Numerically calculated phase-matching period 
compensating for the  phase mismatch Δβ between TM00 mode at λ 
and TMij modes at λ/2 as a function of waveguide index increase δn0. 
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2.2 Influence of the shape of the index profile on the phase mismatch in SHG processes 
 To see whether this unsensitive phase matching configuration can be extended to other type of waveguides, 
we introduced in our calculations values typical of waveguides that can be obtained by varying (by steps or 
continuously) the Al content in a stack of AlGaN layers. In this case and for λ=1.5µm, the δn0 can be as high as 
0.226 and the width and the depth have to be reduced accordingly to keep the waveguide single mode at the 
fundamental frequency. In this case, the modal dispersion is strong enough to compensate for the material 
dispersion and the interaction between the TM00 mode at λ and the TM10 mode at λ/2 is again unsensitive to the 
variation of the waveguide parameters as soon as the dependence on depth (y) of the index profile is a function of 

the type  𝑔(𝑦) = 	𝑒;Y
Z
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, with 0.3 < α < 0.7 depending on the waveguide width, which is the same shape as the 
one of the SPE waveguides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 This is shown in Fig. 5, where we plotted the amplitude of the variation of Δβ when the width of the waveguide 
varies between 0.5 and 1µm as a function of the parameter α of the shape of the index profile along the depth. 

3. CONCLUSIONS 

Exploring numerically and experimentally the influence of the shape of the waveguide index profile on the 
sensitivity of the SHG process to the waveguide fluctuations, we have discovered that as soon as the dependence 

on depth of the index profile is of the shape 𝑔(𝑦) = 	𝑒;Y
Z
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, with 0.3 < α < 0.7, the interaction between the TM00 
mode at the fundamental frequency and the TM10 mode at the harmonic frequency is very unsensitive to all the 
waveguide parameters variations. We have also shown experimentally, that the efficiency in this configuration can 
be higher in this unsensitive configuration than for the interaction between TM00 modes at both frequencies. We 
now have to study in more details the overlap issues in order to determine the potential of this unsensitive 
configuration and see whether they allow designing devices less sensitive to waveguides tolerances. 
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Fig. 5.  Amplitude of the variation of Δβ as a function of the 
parameter α of the shape of the index profile along the depth. The 
amplitude of variation is equal to Δβmax(x) – Δβmin(x) when the 
waveguide width x varies between 0.5 and 1 µm. 


