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Abstract. A computational study on the enhancement of the second harmonic gener-
ation (SHG) in one-dimensional (1D) photonic crystals is presented. The mathematical
model is derived from a nonlinear system of Maxwell’s equations, which partly over-
comes the shortcoming of some existing models based on the undepleted pump ap-
proximation. We designed an iterative scheme coupled with the finite element method
which can be applied to simulate the SHG in one dimensional nonlinear photonic band
gap structures in our previous work. For the case that the nonlinearity is strong which
is desirable to enhance the conversion efficiency, a continuation method is introduced
to ensure the convergence of the iterative procedure. The convergence of our method
is fast. Numerical experiments also indicate the conversion efficiency of SHG can be
significantly enhanced when the frequencies of the fundamental and the second har-
monic wave are tuned at the photonic band edges. The maximum total conversion
efficiency available reaches more than 50% in all the cases studied.
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1 Introduction

Photonic crystals (PhCs) are artificially fabricated structures in which the index of refrac-
tion varies alternatively between high-index regions and low-index regions. Due to its
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periodic variation of the refractive index, a photonic crystal (PhC) exhibits unusual dis-
persion properties and frequency intervals (i.e., bandgaps) in which propagating Bloch
waves donot exist[1,2]. Inrecent years, nonlinear optical phenomena such as second har-
monic generation (SHG) in nonlinear photonic crystals have attracted extensive interest
because of the extraordinary capabilities of the photonic crystal structures in controlling
the light of visible and infrared wavelengths. It is well known that photonic crystals in-
hibit propagation of electromagnetic waves within a range of frequencies (photonic band
gap). In a number of applications, nonlinear PhC devices offer unique fundamental ways
of enhancing a variety of nonlinear optics.

1D photonic band gap (PBG) structures are the modern version of the old interference
filters. The structure with index fluctuation contributes to localization of wave across the
interfaces of layers with different index of refraction. The nonlinear phenomena in 1D
photonic band gap (PBG) structures are governed by the system of nonlinear Maxwell
equations. H. Ammari and K. Hamdache have provided rigorous proofs of global exis-
tence, uniqueness, and regularity of solutions to a system of nonlinear Maxwell equations
in [3]. In previous studies, it has been observed that the enhancement of SH generation
in photonic crystals is attributed to the high density modes near the band edges under
phase-matching conditions [4,5]. A general and rigorous theory on SHG in nonlinear
multilayered devices can be referred to S. Enoch and H. Akhouayri [6]. They have de-
scribed a matrix method which can precisely represent the SHG in the depleted pump
regime, as well as other nonlinear phenomena such as third-harmonic generation and
stimulated Raman scattering.

Recently, an expansion based on the left-to-right (LTR) and right-to-left (RTL) linear
modes in 1D nonlinear PhCs was reported in [7-9]. The method analyzes the fully non-
linear system by using a multiple scale expansion approach. Assuming the nonlinear
effects should only affect the solution of the linear problem on a length scale much larger
than the single element of the structure, the first-order expansion of the electric fields can
be expressed as a combination of the LTR modes and RTL modes that depend only on
the fast variable and can be calculated by standard matrix transfer techniques. In [8], the
nonlinear differential equations of the amplitudes of LTR and RTL modes are solved by
using a shooting procedure. This method is efficient in one dimension. Numerical results
in [8] showed a number of surprising results. However, this method is based on LTR and
RTL modes and multiple scales expansion, it is not straightforward to extend the idea to
PBG structures in higher dimensions. In [10, 11], a variational approach that combined
the finite element methods and the fixed-point iteration was investigated to study SHG
in one dimensional nonlinear optical films, which can be extended to high dimensional
structure. But the method fails to produce convergent solution since the iteration scheme
may break down when the nonlinearity is very strong.

In this paper, we develop a continuation approach to the combination of finite ele-
ment methods with a fixed-point iteration algorithm to ensure the convergence of the
iterative procedure. We consider the SHG in 1D nonlinear photonic crystal structures in
the presence of strong nonlinearity. Numerical results based on this approach indicate
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that the SHG efficiency in 1D nonlinear PhCs can be significantly enhanced by applying
strong incident wave.

Our approach to solve the underline nonlinear Helmholtz equation is based on the
weak formulation of the fully nonlinear system. Since the method combining finite ele-
ment methods and general fixed-point iteration is efficient when the nonlinearity is not
so strong, we study the incremental field due to small increase of the intensity of the
incident wave, assuming both fields continuously depend on the input. A new vari-
ational formulation for the increment fields is derived based on the perturbation tech-
nique. The incremental fields can be computed iteratively by the combination of finite
element methods and the general fixed-point iteration algorithm. By increasing the input
intensity successively, we can obtain the FF field and SH field for strong incident pump.
The continuation method can accurately predict the field intensity distribution of both
reflected and transmitted waves. The transmission, reflection and conversion efficiency
in the case of strong incident pump for variety of PhC structures are studied. The nu-
merical results show that the conversion efficiency of SHG can be significantly enhanced
when the frequencies of the fundamental wave are located at the photonic band edges,
and the maximum total conversion efficiency available reaches more than 50% in all the
cases studied, regardless of the magnitude of the second order nonlinear susceptibility
tensors. The method has the advantages of fast numerical convergence, successfully han-
dling the problem of very strong pump, being easily extended to high dimensional PBG
structures. The techniques described in this paper may also be extended to study other
nonlinear phenomena in PhCs.

The outline of the remainder of this paper is as follows. In Section 2, we introduce
the classical nonlinear model for SHG in one dimensional PhCs. The numerical method
combining finite element methods and continuation fixed-point iteration algorithm is
presented in Section 3. The properties of the SHG in one-dimensional photonic crystal
structures, the conversion efficiency and accuracy of our method are demonstrated by
numerical examples in Section 4.

2 Model for second harmonic generation

Consider a typical 1D photonic crystal with the structure denoted by (AB)™, where m is
the number of periods. The structure is assumed to be periodic in the x direction when
0<x<D. Itis further assumed that the media are nonmagnetic with constant magnetic
permittivity everywhere, there is no external charge or current present in the field, and
the electric and magnetic fields are time harmonic, i.e.,

E=Re[E(x,y,z)e "], H=Re[H(x,y,z)e "“"].

Assuming both fundamental frequency and the second harmonic wave are in the trans-
verse electric (TE) polarization, for the SHG, the Maxwell equations yield the following



60 G. Bao, Z. Xu and J. Yuan / Commun. Comput. Phys., 10 (2011), pp. 57-69

coupled system [10]:
d’E .
Wzl +I2n3Ey = -1V E By, (2.1a)
d’E
dx—z2 +4I3n3E, = 23V ER, (2.1b)

where E; and E; are two electric fields at fundamental frequency w and second harmonic
frequency 2w respectively. E] denotes the complex conjugate. ko =w/c is the free space
wavenumber. c is the speed of the light in vacuum. 77 and 7, are the linear refractive
index functions at w and 2w respectively. )(52) and ng) are two elements in the second
order nonlinear susceptibility tensors at w and 2w.

The background structure is linear for x<0 and x> D, i.e., the nonlinear PhC structure
is placed between two linear media with the refractive index n; (x <0) and n, (x > D),
respectively. As discussed in [10] and [11], when the incident light is normally launched
upon the surface of the sample along the x direction, in the region x <0,

E](JC)ZEIEMIX-FE]RE*Z‘MX, Ez(x):EzReii‘le,
where the incident electric field is (0,E;e™*,0), a; =kon;, B; =2kon;, E1g and Epg are the
reflectivity constants, corresponding to frequencies w and 2w respectively. In the region
x>D,

El (X) :ElTeia’x, Ez(x) :EZTeiﬁ’x,

where «, =kon,, B, =2kon,, E;r and Epr are the transmittance constants corresponding
to frequencies w and 2w respectively. Since the tangential components of E; and H; are
continuous across x =0 and x = D, we have the boundary conditions as

% (0) =2ia; E;—ia; E1 (0), (2.2a)
%(o) = —iBE2(0), (2.2b)
%(D) =i, E; (D), (2.2¢)
22 (D) =ip Ex(D). (2.2d)

Hence, we study the nonlinear phenomena in 1D PhCs by solving the nonlinear coupled
Helmbholtz equations (2.1a)-(2.1b) in domain [0,D] with the boundary conditions (2.2a)-
(2.2d). The variational formulation of the nonlinear system in nonlinear optical films was
presented in [10]. Let v be a test function and multiply both sides of (2.1a)-(2.1b) by v*,
then integrate by parts with the boundary conditions (2.2a)-(2.2d). Since the usual jump
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conditions at the interface between two homogeneous materials are valid, we have
; 2 [P @)
a(E1,v) =—2ia;E;o*(0) -I-ko/ X, E{Ev*dx, (2.3a)
0

2> (P22
b(E,,v) =2k / XD E2odx, (2.3b)
0
where

D /dE; dov* . % . "
a(El,v):/O <d—xlE—k%n%Ew*)dx—qul(O)v (0)—iaE1(D)v* (D),

D *
b(Ez,0) :/0 (%% — 4B n3Ep0" ) dx—ify Eo(0)0" (0)—ifEa( D)o (D).
It is expected to obtain high SHG efficiency in a nonlinear photonic crystal structure.
Here, the conversion efficiency is measured by the ratio of the output energy at 2w over
the input energy of pump wave. For the 1D photonic crystal structures, we can define
the incoming energy e;, =kon;|E;|?, when the incident electric field is (0,E ekomx 0), The
total outgoing energy will escape from four channels, which means

eout =65, +5, el +eg,
where
+ > - 2.+ 2 - 2
ey, =kony|Ear|®, ey, =kon, Eor|"; el =kon|EiT|7, ey, =koni|Eir]|".

The forward SH conversion efficiency 77¢;; and the backward SH conversion efficiency
1y are defined by

0 :@:”HEZT’Z - _@_”r!EzRP
SH ein nl’EIP 4 SH

e mlEf]2T
The transmitted and reflected fundamental frequency (FF) field are Trr and Rrr respec-
tively, with
et ‘Elﬂz e, ’Ez]z’z
e BT e B2

The total energy is conserved in the sense that

Trr+Rep+1dy+15g=1.

3 Continuation fixed-point iteration algorithm

On the domain I' = [0,D], we consider the following variational problem: find U; and
U, € HY(T), such that

{ a(Uy,v) = f(UiUy,0)+h(Epv), Yoe HY(T),

b(Us,0) =g((Uy)%0), voe HI(I), (3.1)
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where a(-,-), b(-,-),
D P
f(u,0) :k%/ Xy uvdx, h(u,v)=-2iauv*(0), g(u,v) :2k3/ Xy uvtdx
0 0

are bilinear: H!(T') x H(T') — C. We start this section by reviewing the fixed-point itera-
tion algorithm combined with the finite element methods to solve (3.1).

Algorithm 3.1: Fixed-Point Iteration Algorithm (FPIA)

For a given incident electric field with E7, choose parameter €y >0, set j=0.
1. Compute Ul(o), which satisfies a(ul(o),v):h(EI,v), Voe HY(T).

2. Compute UZ(O), which satisfies b(uﬁo),v) :g([lll(o)]z,v), Voe HY(T).
3. j=j+1
4. Compute (Ul(j),lléj)) by solving the following variational problem

a(u,0)=f(uy V1 uy ™ 0) +1(Ep0), Yoe H(T),
b(uy,v) =g (luy " V2), Voe HY(T).

5. If maxkzllz{\\U,E”—U,Ejfl)H/\\U,Ejfl)H} <€, goto Step 6; else goto Step 3.
6. Output Ul(j) and Uéj).

The (FPIA) method for SHG in nonlinear optical films was presented in [10] and [11].

As shown by Bao and Dobson in [10], for a given Ej, the variational problem (2.3a)-

(2.3b) has a unique solution E;, E; when the product of ||k3 ng) ||~ and ||2K3 ng) || is

not too large. The numerical results in [10] and [11] show that the convergence of the
scheme relies on the intensity of incident electric field and the second order nonlinear
susceptibility tensors of the media. Moreover, when the intensity of incident electric
field is very large or the product of ||k3 7(52) ||~ and ||2Kk3 ng) ||~ becomes very large, the
convergence of the general fixed-point iterations method may be slow, or the iteration
scheme may break down, in view of Theorem 3.1 of [10].

To compute the numerical solution to the problem of SHG in the presence of strong
nonlinearity (here we focus on strong incident pump), we design a continuation fixed-
point iteration algorithm (CFPIA) to solve the variational problem (2.3a)-(2.3b). The basic
idea of CFPIA is that we study the incremental field due to small increase of the intensity
of the incident wave, assuming both fields continuously depend on the input. A vari-
ational formulation for the incremental fields can be derived based on the perturbation
technique. The incremental fields can be computed iteratively by the combination of fi-
nite element methods and the general fixed-point iteration algorithm. By increasing the
input intensity successively, we can obtain the FF field and SH field for strong incident
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pump. To illustrate this idea, for instance, we consider the variational problem (3.1). Let
0E = E[/l—E[,O (E]/] > E[/o), and oU = uk,l_ uk,O/ k=1,2, where U]/m and uZ,m are the
solution of variational problem (3.1) while the incident pump intensity is E;,,, m =0,1
respectively. The solution for Ej is obtained by the combination of linear finite element
method and general fixed-point iteration algorithm, the new variational formulation for
the increment fields can be written as

b(6Us,0) =g(Wa,0), Yoe H\(T), (32)

{ a(8Uy,0) = f(W1,v)+h(0E;,0), Voe HY(T),
where Wy =6U;* Uy 0+ Uy o* Uy +6Uy *6U, and Wo=(5U4 )% +2U; 06U;. 6U7 and 6U, can be
solved iteratively by using the general fixed-point iterations. Therefore U; 1 = U 0+dU;,
Up1 = Uz p+0dU,. This procedure can be repeated by replacing (Ui ,Uz) in the right-
hand side of (3.2) with the computed (U 1,U,1). This simply means we can iteratively
get the solution for lager incident field by using the continuation fixed-point iteration
algorithm CFPIA, summarized as

Algorithm 3.2: Continuation Fixed-Point lteration Algorithm (CFPIA)

Given the increment JE;, and the starting E; s and the ending E; ., choose parameter €9 >0. Set j=0.
1. Set Ejg=Ejs. Use FPIA with parameter ¢y to obtain U, and Uy satisfy the variational
problem:

a(Uy0,0) = f(Un,0*Uz,0) +h(Er,0), YoeHYT),
b(Uz0,v) =g((U10)*0), Voe HY(T).

2. j=j+1and EI,]'=5E+E1,]'_1.
3. Use FPIA with parameter € to obtain U7, and dU, satisfy the variational problem:

a(oUy,v) = f(Wy,0)+h(6E;,0), VoeHY(T),
b(8Up,v) =g(Wp,v), VYoe HY(T),

where Wy =8U; *Up o+ Uy 0*6Ua+6U; *6Up and Wo = (8U7)2+2U7 o6U; .
4. Ulrjzulrj_lqtéub and u2’]':u2,j_1+5U2.
5. If Ejj>Ej, stop; else goto Step 2.

We numerically solve the problem (2.3a)-(2.3b) to obtain the fundamental frequency
field and the second harmonic filed in 1D nonlinear PhCs by following CFPIA, adopting
the linear finite element. It is easy to compute the transmittance constants and reflectivity
constants corresponding to frequencies w and 2w respectively. The SH conversion effi-
ciencies and transmitted and reflected FF field can be calculated using definitions in the
previous section.
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4 Numerical results and discussion

Photonic crystals have brilliant geometrical properties to improve many nonlinear effects.
There are two ways to enhance the SHG in nonlinear PhCs [12-17]. One is to adjust the
frequencies of both the fundamental wave (FW) and the second harmonic wave (SHW)
simultaneously to the photonic band edges (PBEs). The other is to introduce some defect
to the nonlinear PhCs. In this paper, we consider the perfect PhCs and tune the frequen-
cies of both FW and SHW to reach global phase matching. We expect the SH conversion
efficiency to be enhanced significantly in this scenario.
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Figure 1: The backward and forward SH conversion efficiencies 7~ and 5, the transmitted and reflected FF
field Trr and Rpp for Example 1. The inserted are the linear transmittance versus the normalized frequency. The
parameters for this structure are n{‘ =10, n?=1.42857, né‘ =10, n5=1519, I4 :AO/(4nf), Ig=Ag/ (2n¥),
0=0.592 and x@B=120pm/V, where Ag=1pm.

The first example we consider is a structure composed of alternatively dielectric A-
nonlinear material B layers surrounded by vacuum, M. Scalora et al. in [12]. The periodic
structure has m = 20 layers with a lattice constant | =14 +1p, where [, = Ao/ (411{‘), and
Ig=Ay/ (an) respectively for a reference wavelength Ao =1um. The refraction indices
are nf =1.0, n? =1.42857, n? =1.0, and ng =1.519. Since the background medium is
vacuum, we have n, =n;=1.0. Assume that the nonlinearity is distributed uniformly
throughout the PBG structure and consider the second order nonlinear susceptibility
tensors x(2)F =120pm/V and the normalized frequency Q = 0.592, where Q = w/wy,
wo=27mc/Ay. We show the transmitted and reflected percentage Trr and Rrr, the back-
ward and forward SH conversion efficiencies 175,; and 774}, as functions of the intensity of
the incident field I, in Fig. 1, where I;y,,,s =€oc|Eq 2/2. The two inserted figures are the
linear transmittance versus the normalized frequency (). We can see the maximum total
conversion efficiency 17d};+15;, available reaches more than 50%.

The second example has the similar structure to that has been analyzed by Giuseppe
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Figure 2: The backward and forward SH conversion efficiencies 7~ and 5", the transmitted and reflected FF
field Trr and Rpr for Example 2. The inserted are the linear transmittance versus the normalized frequency. The

parameters for this structure are [ 4 =90nm, [g=150nm, n{\:3.342, nle.O, nf:3.61, n]23:1.0, 0 =0.64397
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Figure 3: The backward and forward SH conversion efficiencies 7~ and 5, the transmitted and reflected FF
field Trr and Rpr for Example 3. The inserted are the linear transmittance versus the normalized frequency. The

parameters for this structure are [, =90nm, Ig=150nm, nf:3.3437, nlle.O, nf:3.61, n]23:1.0, 0=0.643647
and x(@4=240pm V.

D. Aguanno et al. in [8], which is composed of m = 30 alternating layers of air and a
dielectric material with /4 =90nm, I3 =150nm, n{! =3.342, n®=1.0, n5' =3.61, n§ =1.0 and
n, =n;=1.0. In Fig. 2, the energy percentage of Trr, Rff, 175y and 175r p in the structure
of em Example 2 versus iy, are show for () ~ 0.64397, X(Z)'A = 240pm/V. Here, the
maximum total conversion efficiency available reaches approximately 20%.

It is well known the band structure and its features are strongly influenced by the
number of periods, the lattice constant, and the material dispersion. For the enhance-
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Figure 4: Absolute value squared of the FF field Figure 5: Absolute value squared of the FF field
and of the SH field in the structure of Exam- and of the SH field in the structure of Exam-
ple 1 when Il'npuf:6GW/Cm2. The inserted ple 3 when Il'npuf:6GW/Cm2. The inserted
are absolute value squared of fields when I, = are absolute value squared of fields when I, =
1GW/cm? and Ii,,put:?)GW/cmz, respectively. 1GW/cm? and Ii,,put:?)GW/cmz, respectively.

ment of SHG in a periodic nonlinear PhC structure, the lattice constant or the refraction
indices are chosen so that both the fundamental frequency field and the second harmonic
field need to be tuned sharply at the first transmission resonance near the first-order and
second-order band gap transmission resonance. To illustrate this, we tune the refraction
index of the dielectric material to ensure the transmission resonance. We consider the
third example which has the same structure as in Example 2, but with different values of
the refraction index in A-layers, n4! =3.3437. In Fig. 3, we show the energy percentage of
Trr, RFr, 75y and 175r 17 in the structure of Example 3. The numerical results indicate that
the maximum total conversion efficiency reaches approximately 50%.

Absolute values squared of the fundamental frequency field and the second harmonic
field inside the PBG structure, during the SHG process for different input intensity, are
shown in Fig. 4 for the nonlinear PhC structure in Example 1, and Fig. 5 for the nonlinear
PhC structure in Example 3. One may observe clearly the global phase matching between
the fundamental frequency wave and second harmonic wave. Since the wavelength of
second harmonic signal is half of the pump wave, there are two intensity maxima of
second harmonic wave inside each high index layer, while there is a single peak for fun-
damental frequency wave.
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Figure 6: The SH conversion efficiencies and the transmitted and reflected FF field versus the incident fun-
damental frequency field Ij,;,,; with X(Z)'B:6Opm/V and X(Z)'B:24Opm/V, respectively, in the structure of
Example 1.
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Figure 7: The SH conversion efficiencies and the transmitted and reflected FF field versus the incident fun-
damental frequency field Ij;p,; with X(Z)'A:6Opm/V and X(Z)'A:12Opm/V, respectively, in the structure of
Example 3.

We further calculated the SH conversion efficiencies and reflected and transmitted
percentage for the same structure in Example 1 and Example 3, respectively, but with
different values of the nonlinear coupling coefficient. It is shown in Fig. 6 that the energy
output in four channels with x(?/® =60pm/V and x(? =240pm/V in the structure of
Example 1. In Fig. 7, the energy output is shown in four channels with x (24 =120pm/V,
and x(?4 =60pm/V in the structure of Example 3. We can draw a conclusion that the
maximum total conversion efficiency available reaches more than 50% in all the cases
studied, regardless of the magnitude of x(?) as long as the incident wave is strong enough.
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5 Conclusions

We have presented a simple and efficient numerical method combining the finite element
method and a continuation fixed-point iteration algorithm to analyze SHG in one dimen-
sional photonic crystals. The method has the advantages of fast numerical convergence.
The numerical result shows that it can successfully handle the problem of strong nonlin-
earity. The scheme can be conveniently extended to the two dimensional PBG structures,
which will be a future project. We have also analyzed the dependence of the outgoing
energy in four channels on the incident pump for the SHG in one dimensional PhCs. Our
numerical results show that the conversion efficiency of SHG can be significantly en-
hanced by increasing the pump intensity when the frequencies of the fundamental wave
and the second harmonic wave are located at the photonic band edges.
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