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Multi-wavelength photonic band gaps based on
quasi-periodically poled lithium niobate
ordered in Fibonacci sequences
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We demonstrate a quasi-periodic structure exhibiting multiple photonic band gaps (PBGs) based on sub-
micron-period poled lithium niobate (LN). The structure consists of two building blocks, each containing
a pair of antiparallel poled domains, arranged as a Fibonacci sequence. The gap wavelengths are analyzed
with the Fibonacci sequence parameters such as the quasiperiodic indices and the average lattice parameter.
The transmission properties are investigated by a traditional 4x4 matrix method. It has also been proved
that the gap depth can be tuned by the lengths of poled domains.
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Photonic crystals (PCs) are a class of dielectric ma-
terials artificially fabricated with periodicity. With a
proper design, these structures could exhibit the essen-
tial properties of forbidden frequency bands from which
propagating modes are absent!' 3. There has been great
interest in photonic band gap (PBG) structures for po-
tential applications in light flow manipulations also.

Nonlinear photonic crystals (NPCs) are nonlinear crys-
tals with some parts of inversed polarization directions.
The positive domain and negative one are periodically
layered, so the nonlinear coefficient x( is periodically
changed with the signs in space but keeps its magnitude
constant!¥). The NPCs can be fabricated by periodically
poling ferroelectric materials such as lithium niobate
(LN) and KTiOPO4 (KTP), expected to be useful in the
quasi phase matching (QPM) techniquel®>=8!.

With the maturity and advanced exploration in fer-
roelectrics domain engineering, there have been more
attempts in acquiring much thinner domain shapes. It
has been reported recently that the scale of domain thick-
ness of such ferroelectrics as KTP isomorphs and LiNbOg
has been improved to the level of sub-microns!® =13, The
deceasing of domain structure has caught lots of interests
for its promising applications, for example the realiza-
tion mirrorless optical parametric oscillators (OPOs) for
coherent and tunable light sources demonstrated in sub-
micron periodically poled KTP. Based on a single
chip of sub-micron periodically poled lithium niobate
(PPLN), we have proposed a narrow PBG structure
which is generated by Bragg scattering'®. The forma-
tion of the gap is due to the contra-directional coupling
between two orthogonally polarized states caused by the
azimuth angle perturbations between the principal axes.

Besides the studies on periodic multilayers, many ef-
forts have been devoted to the applications on quasi-
periodic structures which have given rise to some inter-
esting phenomena not observed in periodic structures.
For example, a strong suppression of the optical trans-
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mission in quasi-periodic dielectric multilayer stacks of
SiO, and TiOs thin films has been observed!!l. In the
case of a x nonlinear quasi-periodic PC, high effi-
cient QPM third harmonic generation in a quasi-periodic
optical superlattice of LiTaO3 was reported and the
generation of coherent terahertz radiation with multi-
frequency modes in a quasi-periodically poled lithium
niobate (QPLN) with a Fibonacci sequence was also pro-
posed theoretically[!7:18],

In this letter, we report that a sub-micron QPLN (SQ-
PLN) ordered in Fibonacci sequence can demonstrate
multiple PBGs. The basic building blocks A and B
are supposed to be of sub-micron level thickness. The
central wavelengths of gaps are analyzed by the indices
concerning the quasi-periodicity of a Fibonacci sequence
and the average lattice parameter. The transmittances
of the gaps with different indices can be tuned by vary-
ing structure parameters such as the lengths of poled
domains.

Figure 1 shows the schematic of experimental setup for
a SQPLN multi-PBG structure. We consider the case
of normally incident plane waves. Previously we have
discussed that PPLN would act as a Solc filter when the
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Fig. 1. Schematic of experimental setup for a SQPLN multi-
PBG structure. The plane waves are normally incident. The
arrows indicate the polarization direction of each domain. X,
Y, and Z represent the principal axes of the original index
ellipsoid of LiNbOs. l4 and Ip represent the lengths of two
building blocks A and B, respectively.
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principal axis of each domain has a rotation angle com-
pared with the original one as each of the domain is a half-
wave plate'”. The domain period is supposed to be tens
of microns in such applications. While the domain length
of such a periodical structure decreases down to microns
or sub-microns, which is comparable to the wavelength of
the input light, the alternated positive and negative ro-
tation angles will induce contra-directional coupling be-
tween two orthogonally polarized modes, and forbidden
band gaps can occur in such media when the following
Bragg condition is satisfied:
(k) + k) mt (ky +hy) - (1= k) = 75 =0,
m:15273a"'5 (1)
where ki and ki are the wave-vectors defined by 2”; -

+
and 277;10 , and the scripts ‘+’ and ‘-’ indicate the pos-

itive domain and negative domain, n, and n, are the
extraordinary and ordinary indices, respectively; & is the
proportional number of positive domain length to the pe-
riod length and 0 < K < 1; m is the coupling order and
A is the period of PPLN which is the sum length of one
positive domain and one negative domain.

For the case K = 0.5, Eq. (1) can be rewritten in a
more simplified wavelength expression form as

The building blocks are ordered in a Fibonacci sequence
according to the production rule F; = F;_4|F;_5 for

exp(—imnex/A) 0

0 exp(imnex/A

P(.”L‘) _ 0 p( Oo / )
0 0

where 6 is an azimuth angle between Z axis and Y axis;
x is the thickness of a domain. By multiplication for N
domains, we get the general form of total transfer matrix
as

M= D;'D(-6)P(b)D(-0)

a

xD(0)P(a)D(0)]" Da, (6)

where D, is the dynamic matrix of air given by

1 1 0 0
1 -1 0 0

Da=19 0o 1 1|
0 0 -1 1

a is the length of positive domain, and b is the length of
negative domain.

In case of normally incident plane waves, the specific
transmission or reflection coefficients could be derived
from M. For example, the transmission of Y direction
output with the same direction input is expressed as

2

M(1,1) ' 1)

M(1,1)M(3,3) — M(1,3)M(3,1)

Tyy =

As the propagation behaviors and transmission proper-
ties of Ty, are similar to T, (Z-output with Z-input

i > 3, with F1={A} and Fo,={AB}. Each block has a do-
main of length 4105, with positive ferroelectric domain
and a domain of length [ 42l g2 with negative ferroelectric
domain.

The formula of gap wavelength can be extended from
a periodic structure to a quasi-periodic structure. The
wavelengths of SQPLN mulit-PBGs with a Fibonacci se-
quence are given by

Apg = (Mo + ne)Ap g, (3)

where m equals zero in this application; A, , = L/(p +
q7), p and ¢ are integer indices of the quasi-periodicity,
7 = (1 4+ v/5)/2 which is so-called the golden ratio, and
L =7l + g is the average lattice parameter[!3:29], Fur-
thermore, the structural parameter [ can also be adjusted
in our simulations.

The transmission spectrum can be simulated by the
4 x 4 transfer matrix?*=2% considering that the electro-
magnetic wave is composed of four partial waves travel-
ing in such a birefringent medium. The transfer matrix
of a single domain is the production of two component
matrices D and P. The matrix D is given by

cosb cost —siné —sinf
necos  —nycosf  —nesinfd  nesind

D(9) = sinf sinf cost cost , (4)
—nesing  nesind  —necosf  necosd

and the matrix P is given by

0 0
0 0

exp(—imnez/N) 0 ’ (5)
0 exp(imnex/N)

case), we only discuss the Y direction case for simplicity
throughout the letter.

Figure 2 shows the transmission spectrum of the SQ-
PLN multi-PBG structure consisting of 17711 build-
ing blocks of A and 10946 building blocks of B, which
are arranged in order of the sequence of F21, in the
wavelength range from 950 to 1600 nm. [4 = 421 nm,
Ip = 260 nm, and [4o = Igs = | = 200 nm. n and n,
are chosen to be 2.1381 and 2.2112, respectively. The
azimuth angle 6 is set to be /1000 and the polarization
of the incident light is along Y-direction throughout the
simulations. The quasi-periodic indices corresponding to
the band gap wavelengths are given in the figure. At
the main or so-called central frequency of principal gap
wavelength corresponding to the quasi-periodic index
(1,1), the width of the gap defined by the wavelength
where the transmission is lower than 1% is 0.123 nm. In
Table 1, we compare the wavelengths of gap obtained
from simulations and the theoretical ones from Eq. (3).
The simulated gap wavelengths match well with the the-
oretical ones.

Besides the most intense gap taken with a quasi-
periodical index (1,1), some other gap modes, labeled
by (1,2), (0,2), and so on did not show deep gaps with
the parameters given in Fig. 2. The transmittance at A\; 2
is about 8% and the transmittance at A\g 2 is about 32%.
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Fig. 2. Transmission spectrum of a SQPLN multi-PBG struc-
ture in the wavelength range of 950 — 1600 nm. The structure
consists of 17711 building blocks of A and 10946 building
blocks of B, which are arranged in order of the sequence of
F21. la = 421 nm, Ip = 260 nm, la2 = Iz = [ = 200 nm,
ne = 2.1381, n, = 2.2112.

Table 1. Quasi-Periodic Indices and Band Gap

Wavelengths
D, q 1,0 0,1 2,0 1,1 3,0
Theoretical
Ap,q (nm) 4099.3 2533.5 2049.6 1565.8 1366.4
Simulated
Ap,q (nm) 1565.8 1366.4
D, q 0,2 2,1 1,2 0,3
Theoretical
Ap,q (nm) 1266.8 1133 967.72 844.5
Simulated
Ap,q (nm) 1266.76 1133.02 967.72

Meanwhile, the gap shape is not clearly observed at A3 g.

The wavelength-dependent gap depth can be sought
from the Fourier amplitude component of a Fibonacci
sequence dp, , for the gap wavelength given by

dp,q = dosin(Xy ¢)sin(7l/Ap g) [ (Xp,q7l/Ap.q), (8)

where dy is a constant and X, , = 77%(pla — qlp)/L.
We calculated the magnitude of dp q/do for (p,q) =
(1,1), (3,0), (0,2), (2,1), (1,2). The results are shown
in Table 2. It is worth noting that the transmittances
of the SQPLN gap can be changed by varying the poled
domain length such as the length of the negative poled
domain. Figure 3 shows the transmission spectrum of
the multi-PBG structure on SQPLN in the wavelength
range of 950 — 1600 nm when [4 = 421 nm, [ = 260 nm,
and 49 = lgs = [ = 130 nm. One can see that the trans-
mittance at Aq 2 of 967.72 nm significantly decreases and
the full gap shape forms at the corresponding location.
The widths of gaps at A;; and A; 2 are 0.107 and 0.066
nm, respectively.

We have systematically investigated the transmittances
of the SQPLN gaps by varying the negative domains of
building block A (I42) and building block B (Ip2). In
simulations, [42 and Igo were assumed to be the same,
that is, las = Ip2 = [ and the total domain lengths
of building block A (l4) and building block B (Ig) were
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Fig. 3. Transmission spectrum of a SQPLN multi-PBG struc-
ture in the wavelength range of 950 — 1600 nm. The structure
consists of 17711 building blocks of A and 10946 building
blocks of B, which are arranged in order of the sequence of
F21. g =421 nm, Ip = 260 nm, la2 = Ip2 = | =130 nm, ne
= 2.1381, n, = 2.2112.

Table 2. Fourier Amplitude Component d, q/do for
the Quasi-Periodic Indices Corresponding to the
Observed Gap Wavelengths

P.q 1,1 3,0 0,2 2,1 1.2
Ap.a (1565.8) (1366.4) (1266.8) (1133.0) (967.72)
dpg/do  0.3924 0.0401 0.0834 0.0487  0.0969

la = 421 nm, Ip = 260 nm, l42 = Iz = | = 200 nm, and
7= (1+5)/2.

kept to be 421 nm and 260 nm, respectively. This struc-
ture is of benefit to fabricate because it is easy to pole
the same size domains in the electric poling technique.
Figure 4 shows the dependence of the transmittances at
A1, A2, Ag,1, and A2 on [ that changes from 0 to 260
nm. The transmittances at A; ; and A o are below 0.5%
and deep non-transmitted frequency gaps are formed
when [ is in the range from 120 to 170 nm.

For the case of I = 223 nm, the transmittance at A; ;
is below 0.3%, while the transmittance at Aj 2 is ap-
proaching to 60%. It is noted that the transmittance
curve shows a turning point at 223 nm where occurs
to be the zero-order QPM length for A; 5. The charac-
teristics of the transmittances at other gap wavelengths
of A1 and Ag2 are similar to those of A 2. However,
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Fig. 4. Dependence of transmittances at A1,1, A1,2, A2,1, and
Ao,2 on the uniform length of negative domain [ that changes
from 0 to 260 nm. In simulations, 42 = Iz = [ and the total
domain lengths of building block A (I4) and building block
B (Ip) are kept to be 421 and 260 nm, respectively.
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they could not touch the very low gap with their low-
est transmittances around 14% and 21%. The fact that
the gap depth can be tuned by varying the negative do-
main length is very useful in implementing the SQPLN
multi-PBG structures. Practically, because the poling
procedure of the same size in building blocks of A and
B has been simplified in a conventional poling technique,
the needed gaps could be designed by setting a proper
negative domain length at the same time.

In conclusion, we show that a x(?) nonlinear quasi-
periodic PC crystal with a Fibonacci sequence can act
as a multi-PBG structure. The simulated gap wave-
lengths match well with the theoretical results expressed
by quasi-periodic integer indices and the average lattice
parameter. The gap depth can be tuned by varying the
structural parameters such as the lengths of the nega-
tive or positive domains. The multiple narrow band gaps
would be promising in controlling the light behavior and
lead to a number of useful applications.
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