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ABSTRACT 

 
Theoretical analysis on second harmonic (SH) generation with phase matched grating in waveguide is presented from 
the viewpoint of device design. Usually high intensity sources are necessary in order to observe a SH in a χ(2) nonlinear 
structure. For this purpose, the novel proposed design takes into account a double grating effect which enhances the 
guided SH signal along the waveguide. In the presented structure two grating are considered: the first grating, 
considered at the interface between air and core, is designed in order to obtain an efficient SH conversion process by 
considering the quasi phase matching (QPM) condition; the second grating, placed at the interface between the core and 
the substrate region, increases the SH power along the propagation direction through the coupling with the substrate 
modes generated by the diffraction effect. The novelty of this work is in the combined effect of the two gratings. The 
grating lengths and periods are designed by considering the nonlinear coupled mode theory with the effective dielectric 
constant (EDC) assumption. The analysis includes three dimensional (3D) cases where phase matching is involved, in 
particular the model is applied to a GaAs/AlGAs waveguides with fundamental wavelength at λFU=1.55 μm and SH 
signal at λSH =0.775 μm.     
 
Keywords: Nonlinear Waveguides, Second Harmonic Generation Process, Grating Diffraction, Scalar Hertzian 
Potential. 
 

INTRODUCTION 
 
Studies of χ(2) processes and the quasi-phase matching (QPM) technique promote research works on nonlinear optic 
(NLO) devices for ultrafast signal processing based on second-order nonlinearity. After the development of high-
efficiency QPM- second harmonic generation (SHG) devices using ferroelectric crystal waveguides, the research was 
directed to implementation of a compact and efficient coherent light source by combining the SHG device with a 
semiconductor laser. Moreover a strong motivation of research on NLO devices has been the need for the development 
of all-optical wavelength converters for dense wavelength division multiplexing (DWDM) optical communication 
systems. In particular the second harmonic generation in χ(2) nonlinear process represents a good solution for DWDM 
applications in telecommunication systems. But this process requires high intensity input power and large interaction 
lengths for a good second harmonic (SH) conversion. For this reasons the introduction of tailored gratings which 
enhance the SH field is important. The novel design proposed in this work takes into account the multiple grating effects 
which enhance the guided SH signal along the symmetrical waveguide shown in Fig. 1. In the presented structure two 
gratings are considered: the first grating (grating 1 of Fig. 1), considered at one interface between core and substrate, is 
designed by QPM condition (the QPM technique [1]-[4] is a practical method which increases the second-harmonic 
power by effectively reducing the phase mismatch between the fundamental and the SH modes); moreover a second 
grating (grating 2 of Fig. 1), placed at second the interface between the core and the substrate region, increases the 
fundamental power through the coupling between the substrate modes (radiation modes) [5]-[7] and the fundamental 
guided mode. The substrate modes are excited through the diffraction effect of the grating 2 of Fig. 1 which supplies the 
energy to both the propagating fields through the coupled energy of the radiation modes: the grating 2 enhances the 
fundamental mode which will transfer the energy to the SH propagating mode through grating 1. The coupling effect is 
analyzed by combining the coupled mode equations systems related to the two gratings. The originality of this work is 
in the combined effect of the two gratings applied to a symmetrical GaAs/AlGaAs waveguide typically used in NLO 
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devices [1]-[3]. In particular we analyze the enhancement of a SH signal (λSH= 0.775 μm) generated by a codirectional 
fundamental mode (λFU= 1.55 μm) though the nonlinear effect of the core. The goal is to find the optimum geometrical 
configuration which overcomes the problems associated to the total waveguide length such as reflections and losses, by 
providing a good SH field conversion. With the introduction of the multiple grating configuration it is possible to 
decrease the total waveguide length by obtaining a good conversion efficiency according to real input powers. 
We resume the analysis of this work in the following steps: i) we study the coupled mode equations systems by 
combining the effect of each grating; ii) we provide the design criteria steps of the periodic structure; iii) finally we 
analyze the grating effects in a 3D ridge waveguides.      
 

1.1 Analytical Model   
 
In our analysis two coupled equations system are considered. The first set of coupled equations is related to grating 1 of 
Fig. 1. The function of this grating is to couple the fundamental field with the SH field. In particular by indicating with 
Aω the amplitude of the pump fundamental field and with A2ω the amplitude of the SH wave we obtain [8],[9]   
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is the first term of the nonlinear coefficient Fourier series. The parameter a denotes the duty ratio of the period, and the 
term (χ1

(2)
 - χ2

(2)) indicates the periodically switched nonlinearity (PSN) [1] related to a GaAs/Al0.4Ga0.6As structure. 
The grating 2 of Fig. 1 enhances the low pump fundamental field coupled into the waveguide. In this case coupling 
between the fundamental field and the scattered fields (generated by grating 2) is considered. In particular the equations 
to solve are the following [10] 
 

*
2,

*
2,

( ) ( ) exp[ ( ( 2 / ) ]

( )
( ) exp[ ( ( 2 / ) ]

i i A
i

i
i A

dA z j a z k j z d
dz

da z
jA z k j z

dz

ω

ω

ω
ω

γ γ

γ ω ω
γ

β β π β

β β π

± ± ±

±
±

⎧
= − − − − Λ⎪⎪

⎨
⎪ = − − − − Λ⎪⎩

∑∫
  (8) 

 
 
with the coupling coefficient defined as 
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The mode amplitudes aγi

± represent the radiation modes generated by the diffraction effect of the grating 2 [6],[7]. 
The coupling coefficients (2), (3), (4), and (9) are obtained by the guided electric field [5]. 
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and the parameters  σω,2ω  and Δω,2ω  (propagation constants in the substrate and core region ,respectively) are defined by 
the following equations 
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and by the scattered field [6],[7] 
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with the definitions [7] 
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where β(±) indicates the propagation constant of the scattered waves. The scattered field is obtained through sinusoidal 
approximation of the dielectric profile of grating 2 [6],[7]. 
 

1.2 Design and Results 
 
We assume that the fundamental pump source (λFU=1.55 μm) is a polarized TE field. The GaAs core (n1(λFU=1.55 
μm)=3.374) and n1(λSH=0.755 μm)=3.691) is characterized by a thickness d=0.22 μm and supports only a TE 
fundamental mode at λFU=1.55 μm and only a SH TE mode at λFU=0.775 μm. In this way all the TE power is matched 
with the two propagating modes and the modal dispersion is low. In order to minimize the reflections along the z- 
propagating direction and to conserve the single mode condition, the parameters h and t of Fig. 1 are fixed to the low 
value of 0.025 μm. The substrate material is Al0.4Ga0.6As (n2(λFU=1.55 μm)=3.2 and n2(λSH=0.755 μm)=3.4). The GaAs 
core, combined with the Al0.4Ga0.6As substrate, characterizes the periodically switched nonlinearity (PSN) [1] of the 
periodic waveguide. For the PSN effect to occur, a medium is required in which susceptibility coefficient χ(2) is 
modulated periodically along the direction of light propagation. We observe that in a generic case χ(2) is a tensor, 
however most semiconductor, which crystallize in zinc-blende structures, have a symmetry and their second-order 
susceptibility has a single nonzero independent component (for GaAs at the transparency region below the optical 
energy gap χx,y,z

(2)= 200 pm/V [4]). The grating 1 couples the fundamental mode with the SH one. The period 
Λ1=2.31*10-6 μm is fixed in order to satisfy the QPM condition (phase mismatch δ=0). The duty ratio a is assumed 
equal to ½. The fundamental Aω and SH A2ω modes generated by this QPM period Λ1 are reported in Fig. 2. The second 
harmonic conversion efficiency η=|A2ω(z=L)|2/|Aω(0)2| [8] changes for a 3D structure with the geometrical parameter W 
which represents the width of the first grating: in particular, as reported  in Fig. 3 (a), an high efficiency is obtained for 
large widths. Concerning the analysis of the second grating, we first considers the two dimensional (2D) model: this 
model takes into account  the enhancement of the fundamental power by considering the radiation mode coupling of the 
grating 2 of Fig. 1. The grating 2 is designed in order to enhance the fundamental power inside the waveguide through 
the coupling with the scattered field generated by the same grating. Consecutively, the SH power will increase with the 
coupling condition (4). In this case the set of equations to solve simultaneously are (1) and (8). We observe that the 
period Λ2 provides a constructive interference given by the phase matching condition (17) between the incident and the 
scattered field. We choose a strong coupling condition by analyzing the coupling coefficient versus the period Λ2 and 
versus the z-direction. Figure 3 (b) shows that a strong coupling coefficient (9), is obtained with Λ2=0.95*10-6. The plot 
of Fig. 3 (b) is obtained by evaluating the scattered total field Ey

S of equation (15) as superposition of scattered fields 
generated by the fundamental and SH modes. The analytical solution of the SH conversion efficiency 
η=|A2ω(z=L)|2/|Aω(0)|2 [8] for a two dimensional (2D) device is reported in Fig. 4 (a) which shows the effect of only the 
grating 1, and the combined effects of grating 1 and grating 2. Figure 4 (a) highlights the importance of the radiation 
coupling of grating 2 for an high η. The input power used during the calculus is P0 =100 mW. 
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2 3D Ridge Waveguide 
 
The analytical approach of the coupling mode theory provides an alternative design approach for 3D structures: the 
length of the step discontinuities (total grating lengths) can be chosen in order to obtain a maximum SH converted signal 
at the output of the grating. As application of this analytical model we analyze a typical optical 3D periodic waveguide 
commonly used in multiplexing and filtering applications, such as the ridge waveguide. The presented ridge waveguide 
is characterized by GaAs core on Al0,7Ga0,3As substrate at working wavelength of λ0=1.55 μm. This 3D waveguide is 
analyzed by the effective dielectric constant (EDC) [5] method. Moreover, the coupling mode theory provides the 
longitudinal position where the coupling between the fundamental mode and the generated SH mode is characterized by 
an high intensity. As reported in Fig. 4 (b) a good SH conversion efficiency is obtained by considering a double grating 
design: the first QPM grating with period Λ1=2.31 μm is placed between the core and the air cladding interface (see 
inset of Fig. 4 (b)), moreover, the second grating, placed between the core/substrate interface satisfies the condition (17) 
by enhancing the SH signal. The designed ridge is characterized by S=1 μm, D=0.22 μm, d=0.195 μm (Lc=Ls=Λ1/2), 
χ(2)(GaAs)= 200 pm/V, n1= n1(GaAs-core), n2=n2(AlGaAs-substrate), n3(air-cladding)=1.      
 

3 Conclusion  
 
We presented in this work a theoretical model which provides the second harmonic conversion efficiency in a nonlinear 
waveguide with discontinuous core-substrate and core-cladding interfaces. The model provides design criteria for 
second harmonic enhancement through the use of two gratings. The optimization of the SH enhancement is obtained 
through the radiation modes coupling. The design approach is applied to 3D optical waveguides such as ridge  
waveguides and can be extend to 3D photonic crystals. 
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Figures and captions.  
 
 

 
 
Fig. 1: Double grating design: second harmonic enhancement in a symmetrical waveguide with  nonlinear core. The width W represents the 3D 
model. 
 
 

 
 
Fig. 2: Quasi phase matching condition: (a) fundamental field Aω and  (b) second harmonic field A2ω versus z generated by the grating 1 of Fig. 1.  
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Fig. 3: (a) Second harmonic conversion efficiency versus z and W. (b) Coupling coefficient of equation (9) versus z and Λ2: a strong coupling is 
obtained with Λ2=0.95 μm. 
 
 
 

 
 
 
Fig. 4 (a) Symmetrical waveguide with double grating: second harmonic conversion efficiency versus z. (b) Second harmonic conversion efficiency 
versus z in a ridge waveguide: single grating refers to the QPM grating with period Λ1, and double grating considers a ridge waveguide with QPM 
grating (with period Λ1 and placed at the core/cladding interface ) and with a second grating (with period Λ2 and placed at the core/substrate interface) 
as indicated in the longitudinal section of Fig. 1. In this case the cladding is air and the substrate is AlGaAs. 
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