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Abstract The characteristics of the second harmonic gen-
erations (SHGs) in homogeneous and inhomogeneous sys-
tems are investigated. We consider two kinds of structures:
one is aperiodic optical superlattices (AOSs) with homoge-
neous linear susceptibility and the modulated second-order
nonlinear susceptibility; the second is linear and nonlinear
susceptibilities both the system with inhomogeneous. We
derive a general solution of SHG for the AOS with finite
lateral width and of SHG in considering the depletion of the
pump light power. We carry out the design of AOSs by using
simulation annealing (SA) algorithm and show that the con-
structed AOSs can implement multiple wavelength SHGs
with identical effective nonlinear coefficient at the preas-
signed wavelengths of incident light. We observe great en-
hancement of SHGs in the one-dimensional photonic crys-
tals (PCs) with defects consisting of multiple photonic
quantum wells made of nonlinear material when the fre-
quency of fundamental wave aims at one of the defect states.
We also propose an effective design approach of aperiodi-
cally stacked layers of nonlinear material and air in terms of
the SA method. The constructed structure can achieve mul-
tiple-wavelength SHGs at the preassigned wavelengths.
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issue, which can be achieved by nonlinear optical processes.
In the conventional method, phase-matching (PM) condition
is required for gaining high conversion efficiency [1, 2],
however, the PM condition brings a big restriction to the
choice of natural birefringent material. Another scheme is
the so-called quasi-phase matching (QPM) [3, 4], which can
significantly diversify the class of nonlinear optical materi-
als [5-13]. Some groups of researchers have successfully
achieved the design of aperiodic optical superlattices (AOSs)
for multiple wavelength second harmonic generations
(SHGs) [14, 15]. The design result has been confirmed by
experiment [16].

Photonic crystals (PCs) with periodic modulated dielec-
tric function have attracted considerable interest because of
many novel effects in the aspects of fundamental physics
and potential applications. Previous studies on SHGs in
PCs were mainly focused on the characteristics of the sec-
ond harmonic wave (SHW) when the frequency of the
fundamental wave (FW) approaches the band edge of PCs.
The density of the electromagnetic (EM) field modes be-
comes much larger and the fields are highly localized, thus,
the conversion efficiency should be enhanced significantly
[17-19]. If a defect structure made of nonlinear material is
introduced into the PCs, some defect states within the
photonic band gap (PBG) are created and give rise to
strong localized fields. In this system, it is expected that
the conversion efficiency might be increased considerably
[20].

The propagation of nonlinear waves in nonlinear crystals is
governed by the coupled-wave equations, which are based on
Maxwell's equations. Several simplifying approximations are
often adopted, for instance, the infinite plane wave approxi-
mation (IPWA), small signal approximation (SSA), and
slowly varying amplitude approximation (SVAA), etc. How-
ever, in practical applications, the optical superlattices always
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possess finite lateral width. Under high pump power, it is de-
sirable to expand the beam size in a large extension to avoid
optical damage of nonlinear crystals. Therefore, the effects
of the finite lateral width of the AOSs and the mode-mode
coupling on the SHGs could be important. For the SSA, the
depletion of FW power in the SHGs is neglected; this approx-
imation should lead to a big restriction to the signal intensity
of SHG because it requires a low pumping level of the FW.
In an inhomogeneous system, the reflection of SHW at inter-
faces is so strong that the SVAA may bring inaccurate results
[21].

In this review article, we report the design of AOSs with fi-
nite width [22] for implementing multiple-wavelength SHGs
with identical effective nonlinear coefficients, by using simu-
lated annealing (SA) algorithm [23, 24]. The characteristics
of SHGs in samples are studied under the large, intermediate,
and small signal levels of the FW [25]. We present a general
solution to the SHG in one-dimensional (1D) inhomogeneous
systems and apply it to investigate the SHGs in the samples
composed of multiple photonic quantum-wells (PQWs) made
of ferroelectric nonlinear material, i.e., defective structures
[26]. It is found that the conversion efficiency of SHG can be
greatly enhanced when the FW frequency is aimed at one of
the defect states. Both “forward” and “backward” SHGs can
be controlled by adjusting the polarization directions of fer-
roelectric domains. We also propose an efficient design ap-
proach of aperiodically stacked-layer structures of nonlinear
material and air, sandwiched by two truncated PCs, in terms
of the SA method. The constructed structure can achieve
multiple wavelength SHGs simultaneously at the preassigned
wavelengths with high conversion efficiency [27].

2 Model structures and fundamental formulas

We first revisit the SHG formulas in AOSs made of alter-
nating laminar domains of ferroelectric crystals, for instance,
LiNbOg3 (LN) or LiTaO3 ( LT) crystals, under IPWA, SSA,
and SVAA. Assume that a laser beam with w; = w is nor-
mally launched upon an AOS and through the nonlinear opti-
cal process, the SHG is generated. In order to use the largest
nonlinear coefficient of these materials, d 33, let the interfaces
of domains be parallel to the yz plane; the propagation and the
polarization directions of the incident light are along the x and
z axes, respectively. The modulation of the nonlinear optical
coefficient ds3 in the AOS is described by x(x) = x; in the
jthunit block for z;_1 < x < x;, and ; takes only a binary
value, d33 or —d3s, corresponding to the positive or negative
polarization. We denote z¢g = 0 and xy = L = N Az, where
L is the length of the AOS sample; NV is the number of the unit

blocks in sample; Az denotes the thickness of each individ-
ual unit block. In the so-called small-signal approximation,
in which the depletion loss of fundamental wave power can
be negligible, the electric field E1,, () [E2 ()] of the FW
(SHW) satisfies the following wave equations:

d2
<@ + kfw>E1w(x) =0 (2.1)

d2
<@ + k§w>E2w (z) = —k3,x(2)E%,(z) (2.2)
where klO = w/c, (k‘go = QW/C), and k‘h,_, = nlwk‘lo,

(k2w = nawkap), ¢ is the light speed in vacuum, n1,, = n(w),
[r2. = n(2w)] is the refractive index of the material at the
FW (SHW) frequency. In the SVAA, the conversion effi-
ciency 1 sug from FW with wavelength \ and intensity 74,
to SHW reads [15, 16]

nsma = CsQ2(VET, (V) (2:3)

with
2 2 2
¢, = 8 ldn[ o L7 (2.4)
C€Q

and

Q) = ; (2.5)
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and 1Y (\) = 27/ (kaw — 2k10).
The optimal configuration of d(x) in the sample is deter-
mined by the SA algorithm.

2.1 SHG and multiple mode effects in AOS with finite lat-
eral width

We consider the SHGs from an AOS with a finite lateral width
W. In a direct non-depleted pump wave approximation, the
electric field E1, (z,y) [Eau,(z,y)] of the FW (SHW) in the
quasi-1D AOS satisfies the following homogeneous or inho-
mogeneous wave equation:

d? d? 5
<@+d—y2+k1w)E1w(xvy) =0 (2.1.1)
d? d? 2 2 2
(s + s + ) Baal) = ~Br @)L o20)
(2.1.2)
In the air region, the fields F'14 (F24) of FW (SHW) satisfies
the following equations:
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<dx2 37 + k10>Elg(m y)=0 (2.1.3)
d? d?
<dx2 e + k20>Egg(m y)=0 (2.1.4)
The boundary conditions at interfaces are
w w
Elw xvy::l:_ :Elg Z‘,y::l:—
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E E
881“ (ij — i%) = aalg ( Ly = i%)
Y Y (2.1.5)
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For the field of FW, there exist two styles of modes. One
is the guided mode, which is confined in the interior of the
sample, and the other is the radiation mode. We focus on
the contribution of the guided mode to the SHG because the
energy of the radiation mode in the AOS is quite weak. To
solve Eq. (2.1.1), we expand E'1,, (z,y) in terms of transverse

eigen modes

w n
¢1n(y) = P1n COS [mn (y + 7) + arctan%]
1in

as

= 2,0, 1, (y) (2.1.6)

Elw (Z‘, y)

where

9 2 cos? (arctan Bin )
_|_
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Pln =

sin (Zarctanﬁl" )
W+

Rin

p2, = k3, — K3, B3, = p3, — kiy, k1, and By, satisfy the

51n
— | nm — 2arctan— | , a,
W Kin

is the expansion coefficient. The solution of inhomogeneous
equation Eq. (2.1.2) can then be expressed in general as

= En bn (m)eipznw ¢2n (y)

where pa,,, @an, Kon have the similar expressions respectively

as pln(y)s ¢1n(y)s Kin-
In the SVAA of the SHW field, through the standard ma-

nipulations, the conversion efficiency of SHG can also be ex-
pressed as Eq. (2.3), but the £.¢(\) should be modified by

Z k2w

n,l1,l2,m1,m2 p2n

following equation: k1, =

Eou(z,y) (2.1.7)

e = Ay Af A, A,
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GllmlW:GlgmgnF‘llmln(L)F‘lzm2n(L) (2.1.8)
where
Fims(z: /d(d 1(101[+101m—;02<)C
and Gy, is evaluated by
w/2
Gine =V [ ayon)6n(w)nty
w/2
= ZW 3/2 p1mpripas {SINC[(K1 4 K1m + K2s) W/2]

(

+sinc[(k1; + Kim — K2s)W/2]

+sinc[(k1 — Kim + K2s) W/2]
)

+sine[(k1 + K1m — K2s W/2]}

where sinc(y) = sin(y)/y. An = an/\/D_,, lam|? and
|A|? represents the weight ratio of the nth- mode intensity

to FW intensity. We assume that a beam of light wave
y
__2

xp(ikx) impinges
then the cor-

with a Gaussian profile of £ = e
normally upon the surface of the sample,
responding mode amplitude of the FW field is given by

w/2 _2?
)/ ffm///z dye™=7. A,

= even. For

.2
Ap = pin fl”véz dye ™% cos(kiny
has non-zero value only whenn = 0,2,4,6,-- -,
convenience, we denote the maximum mode index as N . (an
even number), i.e., taking 11, lo, m;,ms = 0,2,4,6,---, N,
into account in the summation in Eq. (2.1.8), the contribution
of the higher index mode can be negligible.

2.2 SHG conversion efficiency in considering the depletion

of pumping light power

In the SVAA, the equations governing the propagation of
the FW and the SHW in the 1D AOS read

dBEy,(z)  iwi x(x) iAk
= @ E Ey 1Ak 2.2.1
relt) ML by @) Bl (o)e (221)
dEay(x)  iwi x() o YN?
= = FE 1ane 2.2.2
dz ngwCQ lw (x)e ( )
WhergAk = ko, —2k1.. Inthe AOS sample, we have x(z) =
|d33|d(z).

We assume the formal solution to Egs. (2.2.1) and (2.2.2)
as

Eaw ({E) = paw(m)ei¢aw(m)a a=1,2
we define
0(x) = Akx — ¢o(x) — ¢1(x)

Total intensity (the power of per unit area) of two EM fields
is
I =1, + I, = constant
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with

Iow = 0.56002kawpiw/wa, a=1,2

where ¢ is the permittivity of vacuum. We introduce the vari-
able replacements

€0C%ka 1/2

Uaw(T) =

where u2,,(x) denotes the normalized intensity. It is clearly

seen that u? (x) + u3,(z) = 1. Therefore, the conversion

efficiency is given by
n=uj,(L)

When introducing

(2.2.3)

sm2r  \'/?
=K dK(z)=|————
¢(x) (z)x and K (x) (600)\2n%wn2w > x(z)
through the standard manipulations, the solution of cos @ in
the /th domain of AOS reads

(Ak)uglf + 1

il (2.2.4)
oK) W)

cos W) =

where ug) (ugl), K;) stands for the value of ua, () (u1, (),
K (x)) in the Ith domain. The initial condition requires I'y =

0 because the intensity of SHW at the entrance of the sample
(@)

should be zero. Here, we set wa,(24) to the value of us at

the exit of the gth domain. The variations of # along the x-
axis should be continuous, therefore, from Eq. (2.2.4) we can
obtain

I, when the consecutive domains

Iy = have identical polarization
—2u3, (7)) — I, otherwise
(2.2.5)
Through the standard manipulation, we have
u;w(xl) = sn[y, 0] (2.2.6)
where
y =+ —u2)'2Al + A (2.2.7)

where A = K (x;) N Az, and “+” is determined by the sign
of sinf; 3 = (uf —u?)/(u? —u2), and ug, up, ue (ug <
up < u.) denote the three roots of the following equation:
Ak?
4K?
In Egs. (2.2.6) and (2.2.7), we denote

2

U2y (1 2

- U’2w)2 (u2w + F) =0

2 2
rg Uy, — Uy 298
2w u%_ug ()

and
AO_/%“(JE’”) dulzw
o JUmuR - —ud) (i) ug)
(2.2.9)

the function of sn(z, k) is defined by

/w d t ( )
z = , w=sn(z,kK
o =)= 2C)7

It is worth emphasizing that all the equations appearing in
the above expressions belong to the /th domain; sometimes
we omit this index for simplicity.

2.3 SHGs in 1D inhomogenous systems

The typical samples considered are composed of alternat-
ingly stacked dielectric-dielectric with different dielectric in-
dices or dielectric-air layers. We assume that the interface of
layers is laid on the yz plane. The incident light is normally
launched upon the surface of the sample. In a direct non-
depleted pump wave approximation for the [th layer, the FW

(SHW ) electric field E\") () (ES) («) ) satisfies the following
equatlons
d
<ﬁ + k(m) E{)(z) =0 (2.3.1)
w2 L0 0
@""kzw By (r) = k20 (x) (2.3.2)

where k(l) = n(l)k k(l) = TLQ)kQ(), k1o = w/c, and kog =

2w/e. c is the light velocity in vacuum; n(l) (né?,) is the
refractive index of the [th layer material at the FW (SHW)
frequency; x; is the nonlinear optical coefficient of the Ith
layer material.

The FW electrical field in the Ith layer of the sample can
be expressed as

Eﬁz (x) = Aggeikig(”—xlﬂ) T Bige—ikig(m—mpr) (2.3.3)

where z1 sets 0, z; = x;—1 +d; (I = 2,3,--+), d; is the
thickness of the /th layer. A} l) and B( ) ., respectively represent
the amplitudes of the “forward” and “backward” FW waves
at interface. By using the continuity of the fields at interfaces
and the initial condition of A{") = 1 and B{)) = 0, the
amplitudes Aﬁ’j and BEQ of every layer can be completely
determined. Noting that N denotes the total number of layers
in the sample.

We now calculate the SHW electric field. In the lth layer,
it can be expressed as a form of
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e Mzeizkgg (o-m1-1) 4 22k (o1

2k30x1 (1) (0
— AL B (2.3.4)
2w
where Aé?) and Bég represent the amplitudes of the “for-
ward” and “backward” SHWs, respectively. Substituting Eqgs.

(2.3.3) and (2.3.4) into Eq. (2.3.2), we obtain

C _k%OXl

| = g 2 (2.3.5)
]

Considering the continuity of the electric and magnetic
fields at interface, and the initial condition Agg = 0 and
Bég) = 0, thus, Agg, and Bég for each layer can be de-
termined. The conversion efficiencies of the “forward” and
“backward” waves are evaluated respectively by

N N
ren = Mo A @ )P B @)
or - ) ack T
nil| AL AL
(2.3.6)

3 Results and analysis

3.1 SHGs in AOS with finite width

We now carry out a special design of the AOS made of
LiTaOg (LT) crystal that achieves multiple wavelength SHGs
with identical effective nonlinear coefficient £ égf) () = €O,
First, we have to carefully choose an appropriate thickness
Az of the unit block. Az is mainly decided by the max-
imum value of the function sinc[(p1; + p1m — Pan)Ax/2].
This factor strongly depends on wavelength. As is well
known, sinc(z) ~ 1, when x is small enough, thus, this wave-
length dependence can be negligible. Therefore, we choose
Az = 3 pm for matching with the state-of-the-art of micro-
fabrication. The objective function used in the SA method is
chosen as

D =%, [16© — £ (Aa)]]
+rmax{€l ()} — min{ely) (Aa))]

where the symbol max{- - -}(min{- - - }) manifests taking their
maximum (minimum) value among all the quantities includ-
ing into {---}. 7 is an adjustable parameter, taking a value
of 0.3—3.0. )\, is set to the following values: 0.9720,
1.0820,1.2830,1.3940,and 1.5687 pm. The refractive indices
of LT crystal at the FW and SHW frequencies are calculated
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at T' = 25 °C according to the Sellmeier formula given in
Ref. [8].

We calculate the effective nonlinear coefficient for the in-
cident FW beam with a Gaussian profile of £ = e~ o2 eike
and in the case of multiple modes. We adopt the parameters
in the calculations as: The total length of sample L = 3.0
mm, the number of blocks N = 103, the width of superlattice
W = 1.0 mm. Figure 1 displays the calculated reduced effec-
tive nonlinear coefficient in the case of N, = 10 as a function
of wavelength. It exhibits almost identical-height peaks at
the preassigned wavelengths after scanning a wide range of
wavelengths from 0.85 um to 1.65 pm with the resolution
of 0.5 A. It is also seen that there is one unexpected peak of
A = 0.980 95 um appearing near the preset wavelength of
A=10.972 00 pm.

0.06
0.05f
0.04

0.03F

{ (S)eff( /\Of)

0.02}
0.01F
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L i Il Il J

0.8 1.0 12 1.4 1.6 1.8
Aum

0.00+

Fig. 1 Variations of £ iff) (M) with wavelength in the AOS made of
LiTaOs (LT) crystal with a finite width W for implementing multi-
ple wavelength SHGs with identical effective nonlinear coefficient.
The incident FW beam has a Gaussian profile and we consider the
case of multiple modes. The number of the modes is N. = 10.

In order to further reveal the characteristics of SHG in the
constructed AOS, we demonstrate the variations of & é;f) N
with the optical wave propagating distance x from the sur-
face of the sample, as shown in Fig.2, for five main peaks of
Fig.1. It is apparent that all curves exhibit the increasing be-
havior and with nearly identical rising slope. It hints that
the orientation of domains is quite favorable to the SHG
processes because the contribution of successive blocks to
féf? ()\) takes constructive accumulation.

The dependence of the effective nonlinear coefficient at the
preassigned wavelength of the FW on the number of modes,
N, is illustrated in Fig. 3 for different widths W of sam-
ple, W = 0.5,1.0,1.5, and 2.5 mm. The other parameters
are as follows: Ax = 3 pm; L = 3.0 mm; N = 10%; and
o = 1.0 mm. <§§§f)> abruptly decreases at the beginning and
then tends to a constant with the increase of 1. These results
can be well interpreted: For a Gaussian profile beam, the light
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energy is almost focused on a range of o size. When the width
W of the sample is smaller than ¢ = 1.0 mm, for example,
W = 0.5 mm, the average intensity of the incident FW beam
is relatively large at the entry of the sample, thus, the corre-
sponding plateau value of the <£ £§)> should be big. However,
when increasing the width of the sample, the average inten-
sity of the incident FW beam is accordingly decreased, thus,
the plateau value of the <£§f)> is reduced. However, when
W > o, the change of the average intensity of the incident
FW beam with W is small because the majority of the energy
of the incident FW beam is only restricted to a range of o, as
a result, the variations of the plateau value of <£ £§)> with W
now become quite weak, as seen in the curves corresponding
to W = 1.5 and 2.5 mm in Fig. 3.

0.06 |
i B ) »
005  —e— ) 5"
1 i
P )
0.04 - : - o
B L —— A, oV 4
= om o
5 0.03 —— )\, at
& .',5&,
0.02 e
0.01}
L
0.00 |
0 600 1200 1800 2400 3000
Coordinate X/um

Fig. 2 Variations of £ 255) () with the optical wave propagating dis-
tance z from the surface of sample ( given in Fig. 1) for five main
peaks in Fig. 1.
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Fig.3 Dependence of the effective nonlinear coefficient at the pre-
assigned wavelengths of the FW on the number of modes, N,
for different widths W of sample as the same in Fig.l: W =
0.5,1.0, 1.5, and 2.5 mm.

3.2 SHGs in considering the depletion of pumping light

power

We carry out a specific model design of the AOS made of
LiNbOg3 (LN) crystal by using the SA method for achiev-
ing multiple wavelength SHG with identical conversion effi-
ciency under the consideration of the depletion of pump light
power. The objective function used in the SA method is given
by

D = Sa[[n® = n(Xa)[] + ymax{n(Aa)} — min{n(ra)}]
(3.2)
Ao is the preassigned wavelength. 1(%) is a preset constant.
The optimization construction of the AOS for the SHG is as-
cribed to a search for the minimum of the objective function
with respect to the thickness of every domain in the sample.

We calculate the SHG conversion efficiency of the de-
signed AOS sample for the pre-assigned FW wavelengths:
Ao = 0.9720,1.0820, 1.2830, 1.3940, and 1.5687 pm. The
refractive indices of LN crystal at the FW and SHW frequen-
cies are evaluated at T = 25°C according to the Sellmeier
formula given in Ref. [8]. The total thickness of the sample
is L = 4.5 mm, the number of domains N = 1.5 x 103, the
intensity of the incident light wave sets I = 30.0(9.2,1.8) x
10'*W /m? for the large (intermediate, small) signal level.
ds3 = 47.0 pm/V is referred to Ref. [28].

The wavelength—dependence of 7 is shown in Figure 4 for
the above-mentioned three pump levels of FW. All exhibit al-
most identical-height peaks at the pre-assigned wavelengths
after scanning a wide range of wavelengths from 0.85 to 1.65
pm with a step of 0.5 A. However, there exists a remarkable
difference: In the large signal regime, the 7-\ plot contains
many extra stray peaks (out-off the preassigned wavelengths),
for instance, marked by A.1, Ac2, Aes. There are a lot of small
stray peaks over the range of [0.85, 1.65] um; meanwhile, the
heavy background noise occurs in this plot, as shown in Fig.
4(a). The conversion efficiency peaks approach 1. In the
regime of the intermediate signal, the main peak value of n
is reduced to 0.72. The extra strong stray peak, A2, still sur-
vives; at the same time, the background noise is substantially
lowered, as shown in Fig.4(b). In the regime of the small sig-
nal, the main peak value of 7 is reduced to 0.31; the strong
stray peaks now disappear; the strength of the background
noise is remarkably suppressed to a much lower level, as seen
in Fig. 4(c).

In order to further explore the characteristics of the SHG
from the constructed AOS, the variations of the normalized
intensities of SHW and FW with the optical wave propagating
distance from the surface of the sample are depicted in Fig. 5
for the five preset wavelengths in three different pumping FW
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Fig.4 Variations of the SHG conversion efficiency with the wavelength of the incident plane light waves in the AOS
for achieving multiple wavelength SHGs with identical nonlinear coefficient under the consideration of the depletion of
pump light power : (a), (b), and (c) correspond to the large (/=30.0 X 10'"" W/m?) intermediate (/=9.2 X 10"'W/m?), and
small (/=1.8 X 10"'W/m?*) pump signal levels of the FW, respectively. The AOS is made of LINbO, (LN) crystal designed

by the SA method.
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Fig. 5§ Variations of the normalized intensities of SHW and FW with the optical wave propagating distance from the
surface of sample, as the same as in Fig. 3, for the five preset wavelengths in three different pumping FW levels: (a),
(b), and (e) correspond to the large, intermediate, and small pump levels of FW, respectively.

levels. It is evident that all curves for SHW (FW) exhibit by the un-poled BaTiO3 (air) material for determinacy. The

nearly monotonically increasing (decreasing) behavior with a
nearly identical slope. This implies that the contribution of
each individual unit block domain takes a constructive addi-
tion. It confirms that the arrangement of domains is favorable
to the SHG processes. The saturation effect of SHG is also
observed in Fig. 5(a) at a large signal level.

3.3 Great enhancement of SHGs in defective 1D PCs

We now turn to explore the feature of SHGs in the sam-
ple, which is composed of alternatingly stacked dielectric-air-
nonlinear material layers with finite number and surrounded
by air. For convenience, we denote the structural configura-
tion as [(AB),,(C)],,(AB),,. Layers A, B, and C have dif-
ferent refractive indices. Layers (AB),, can be regarded as
Bloch mirrors for the FW and C' as nonlinear material defect
layer. This is the so-called photonic quantum wells (PQWs).
It is noted that the polarization direction of ferroelectric do-
main of layer C may be inverse. We choose m = 4 and
n = 80 in calculations and assume that layer A (B) is made

refractive index and thickness of layer A (B) are ny = 2.4
(ng = 1) and dy = 0.360 pm (dg = 0.640 pm), respec-
tively. Layer C' is chosen as the poled LiNbO 3 crystal with
a thickness of dg = 3.909 pm. The intensity of the inci-
dent FW wave sets I = 1.328 x 109W/m2, corresponding to
|ED (2)]2 = 1.00 V2/pm?.

We calculate the transmission probability spectrum, as dis-
played in Fig. 6: (a) for the perfect truncated (AB) PC , i.e.,
dc = 0.0 um; and (b) for the multiple PQWs made of non-
linear material. It is obviously seen from Fig. 6(a) that there
exist PBGs in the wavelength ranges of 0.590 — 0.615 pm,
0.712 —0.793 pm, and 0.942 — 1.08 um. It is also seen from
Fig. 6(b) that there are three strong peaks located within the
PBG of 0.942 to 1.080 pm, corresponding to defect modes.
One of the defect modes just takes aim at 1.064 pm. To ob-
tain high conversion efficiency, we select the FW wavelength
to be 1.064 um. The arrangement of polarization direction
of Layer C should be optimized with the use of the SA al-
gorithm for implementing SHG with the highest conversion
efficiency. The objective function used in the SA is chosen as
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Fig. 6 Transmission spectrum of the FW for two samples : (a) One is the perfect truncated (AB) PC: The layer A

(B) is made by the un-poled BaTiOj (air) material; (b) the other is composed of alternatingly stacked dielectric-air-
nonlinear material layers with finite number and surrounded by air, i.e., [(AB),C], (AB),. Layers A, B. and C possess
different refractive indices. This is the so-called photonic quantum well structures ( PQWSs).

D = |7} = ntoren (N + 72 — moack (N)] (3.3.1)

where A = 1.064 pm and 7782 is the preset constants. By
choosing different values of 19 and 19, the conversion effi-
ciencies of the “forward” and “backward” waves can be tai-
lored.

We first set ) = 0 and 9 = 1, which corresponds to the
sample producing dominant ’backward’ SHG. The calculated
conversion efficiencies are n¢ortn = 3.04 X 10~* and Nback =
2.20 x 1072, Tt is apparent that the 7y,cx is 72 times that of
Niorth- When setting 77(1) = land 778 = 0, we can construct a
sample for implementing dominant “forward” SHG. The cal-
culated conversion efficiencies are 1goen = 4.18 x 1072 and
Mback = 1.11 X 10~3. We can also design an optimal structure
for performing nearly identical conversion efficiency of both
the *forward’ and "backward’ SHGs, for instance, by chang-
ing the values of ¥ and 19, we can construct the sample with
Ntorth = 2.56 x 1072 and Npack = 2.58 x 1072, Note that
in this sample, the conversion efficiency is significantly en-
hanced two orders of magnitude, compared to the prefect op-
tical superlattice, which is made of the poled LiNbO 3 crystal
of 80-layers of alternatingly inverting polarization direction
of domain and each layer thickness is 3.428 pm for matching
the QPM condition.

Now, we propose an effective method to design a sample
to have the specified defect modes. The SHG conversion ef-
ficiency can be significantly enhanced in this sample when
the wavelength of FW aims at that of the defect mode. We
consider a model structure of alternatingly stacked layers of
nonlinear material and air, sandwiched by two truncated PCs.
First, we discuss a prototype PC comprised of 10-period alter-
nately stacked A(BaTiO3)—B (air) layers, surrounded by air.
This PC will be used in the following PQWs structure, which
is inserted into the prototype PC. For the convenient descrip-
tion, we denote this prototype PC with a finite number of lay-
ers as (AB)1g. The thicknesses of the constituent layers are

da = 0.12 ym and dg = 0.28 um; their refractive indices
are ny = 2.4 for un-poled BaTiO3 and ng = 1.0 for air.
We calculate the transmission spectrum of the truncated PC
structure with the use of the transfer-matrix method, and there
exists a well-defined band gap ranging from A, = 0.9069 to
Ap = 1.5208 pm.

We then turn to discuss the PQW structure, which is
composed of alternatingly stacked-layers of the other two
constituents with the refractive indices of n¢ (for single-
orientation poled LiNbOj3) and np (for air), sandwiched by
two truncated PCs on either side. The thickness of unit layer
is chosen as dc = dp = 0.02 um. However, the real thick-
nesses of layers C or D may be different from d¢ = dp.
They are determined by the requirement of the specified de-
fect states to assign to the pre-assigned wavelengths with
the use of the SA algorithm. The whole sample consists of
(AB)5[CD]100(AB)s, and the total length of sample is 6 pm.
To design the defective PC with three defect states located at
the preset wavelengths of )\(1) = 0.9720, )\8 = 1.0820, and
A9 = 1.283 um. We employ the SA algorithm and define an
object function as

D=Y 512 - A+ le — 18]
o« (3.3.2)
+72 {max{t((f)} — min{t(&s)}}

AZ;)\&S) S [)\afla )\a]a
with

a=1,23

Mo(= Aa) A7 <A <A< A < AJ < Ag(= )

where 7, and ~y, are two adjustable constants, A and ¢

(a = 1,2, 3) denote the wavelength of the defect mode and
transmittance, generated from every temporal configuration
of the PQWs during the SA process. The optimal design of
the PQWSs corresponds to a search for the minimum of D
through adjusting the refractive index of the individual unit



layer, and selecting one of nc and np; finally, the favorable
arrangement of the PQWs can be completely determined.

We carry out the particular design of PQWs for produc-
ing three defect states at 0.9720, 1.0820, and 1.2830 pm
within the PBG of [0.9069, 1.5208] um. The structure of the
obtained PQW is fully aperiodic. Its transmission spectrum
is displayed in Fig.7. It is found that the band gap basi-
cally remains unchanged, ([0.8968, 1.5607] pm) compared
with that of the perfect PC. There exist four strong transmis-
sion peaks, three of them correspond to the desirable defect
modes. They are located at A; = 0.9681 pum with a trans-
mittance of 0.949, Ay = 1.0796 pm with a transmittance of
0.965, A3 = 1.2811pum with a transmittance of 0.997, and
an extra stray mode at A4 = 1.4648pm with a transmittance
of 0.774. The positions of defect states accord well with the
preset ones, with only a little deviation.

1

0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7

Transmission

1E-8 : : :
0.5 1.0 1.5 2.0
Aum
Fig. 7 Transmission spectrum of the FW in the constructed PQW
sample for normally incident EM wave with the TE polarization.
The PQW structure is composed of alternatingly stacked-layers of
other two constituents with the refractive indices of nc (for single-
orientation poled LiNbOg3) and np (for air), sandwiched by two
truncated PCs on its either sides, i.e., (AB);[CD],,,(AB)s. The
thickness of unit layer is chosen as dc = dp = 0.02 pm. However
the real thicknesses of layers C or D may be different from dc = dp.
They are determined by the requirement of the specified defect states
to aim at the pre-assigned wavelengths in terms of the SA algorithm.

We turn to reveal the feature of the SHGs of the con-
structed sample. The intensity of the incident FW wave sets
I=1.0x10%W/ m?. We calculate the SHG conversion effi-
ciency of the constructed sample. It is found that the conver-
sion efficiency npack Of the backward SHG at the wavelength
A1 is 0.0188, and 7ot = 0.0134. The conversion efficiency
Mback Of the backward SHG at the wavelength A5 is 0.0358,
and 7ot = 0.0365. Both the conversion efficiencies are
almost identical. In contrast, the conversion efficiency npack
of the backward SHG at the wavelength A3 is 0.0156, much
larger than n¢,tn, = 0.004 82. We also consider the counter-
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part of the above-mentioned sample except for the absence
of PQWs; the sample has the same total thickness and un-
der the illumination of the same intensity of the incident FW,
its SHG conversion efficiency only reaches ~ 10~'2. The
enhancement of SHG conversion efficiency in the defective
photonic crystals is generated from defect mode with much
higher density of EM electromagnetic modes and a low group
velocity.

4 Summary

The characteristics of the SHGs in two kinds of structures are
investigated. The first kind of structure is AOS, in which lin-
ear susceptibility is homogeneous, while second-order non-
linear susceptibility is modulated by alternating laminar do-
mains with positive or negative polarization. For the sec-
ond kind of structure, both linear and nonlinear susceptibil-
ities are inhomogeneous. We derive the general solutions of
SHGs for AOSs with finite lateral width and of SHGS in the
consideration of the depletion of pump light power of FW.
We carry out the design of AOSs in terms of SA algorithm
and show that the constructed AOSs can implement multiple
wavelength SHG with identical effective nonlinear coefficient
at the preassigned wavelengths of incident light. We demon-
strate the variations of the effective nonlinear coefficient with
the optical wave propagating distance from the surface of the
sample and they exhibit monotonously increasing behavior.
This clearly infers that the contribution of every block to the
optical SHG process is constructive accumulation. We ob-
serve giant enhancement of SHGs in the 1D PCs with defects
consisting of multiple PQWs made of ferroelectric nonlinear
material when the FW frequency takes aim at one of the de-
fect states. We indicate that both forward and backward SHGs
can be controlled by adjusting polarization directions of ferro-
electric domains. We propose an effective design approach of
the structures, which are constructed by aperiodically stacked
layers of nonlinear material and air, sandwiched by two trun-
cated PCs, in terms of the SA algorithm. The constructed
structure can realize multiple-wavelength SHGs at the pre-
assigned wavelengths. Numerical simulations show that the
conversion efficiency of SHG can be significantly enhanced
when the FW frequencies aim at the defect states. The origin
of the enhancement can be attributed to the high intensity of
EM fields of the defect modes and efficient coupling of waves.
It is believed that the proposed design approach may provide
an instructive and useful way to diversify nonlinear optical
materials for matching with various practical applications.
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