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Abstract We have theorized that a photonic band gap can
be induced in a submicron periodically poled LiNbO3 (SP-
PLN) with a uniform electrical field applied along the Y axis
of the structure. The width of the band gap can be modulated
by the intensity of the Y -directional electrical field. More-
over, for such a periodical structure with a duty cycle other
than 0.5, the central location of the gap can be tuned by ap-
plying an additional electrical field along the Z axis of the
sample.

PACS 42.70.Qs · 78.20.Jq

1 Introduction

Photonic crystals are a class of dielectric materials with arti-
ficially fabricated periodicity. With a proper design, they can
exhibit photonic band gaps [1–3] as well as acquire potential
applications in light-flow manipulations.

Nonlinear photonic crystals (NPCs) have been another
attractive topic for their nonlinear coefficient χ2 modula-
tions [4]. The simplest type of NPC is the one-dimensional
quasi-phase-matched material, first proposed by Armstrong
et al. [5], in which the second order susceptibility undergoes
a periodic change of sign. This type of structure can be fabri-
cated by poling ferroelectric materials, such as LiNbO3. The
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formation of PPLN has been quite useful in quasi-phase-
matching nonlinear interactions [6–8]. Moreover, the third-
rank coefficients, such as electro-optic (EO) coefficients, are
also periodically modulated and applicable in EO devices
[9]. We have previously demonstrated a narrow-band šolc-
type filter on a single chip PPLN [10, 11] by EO modula-
tions. The electric field would cause the optical axes of the
crystal to rotate; thus, codirectional coupling is introduced
between two orthogonally polarized states with the transmit-
tances of filtering peak electrically controllable. The PPLN
sample is fabricated by conventional photolithography tech-
niques with pattern pitches of about tens of microns.

In recent years, electron-beam lithography and light-
induced poling have developed with great interests and
achieved pattern lines below 1 µm. It has been reported
that in ferroelectrics domain engineering the scale of do-
main thickness of such ferroelectrics as KTiOPO4 (KTP)
isomorphs and LiNbO3 has been improved to the level of
several submicrons [12–16]. The technology of structuring
submicrometer and nanometer scale domain patterns has
driven us to study new optical properties as well as imple-
ment new optical devices, such as Bragg electro-optical re-
flectors.

As a result of previous research, one-dimensional peri-
odical quasi-phase matching structure is well understood.
Some promising results in fabricating one-dimensional
aperiodic-engineered domain structures, fan-out domain
structures, and two-dimensional nonlinear photonic crystal
in lithium niobate have also been reported [17, 18]. In our
discussion, we focus on the promising electrical methods
to induce photonic band gaps in one-dimensional SPPLN.
By applying an external electric field, contradirectional cou-
pling between the two kinds of waves occurs in the sub-
micron domain structure; therefore some wavelengths are
totally reflected in which range the photonic band gap is
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formed. The electrical method would be advantageous in
tuning band gap properties. such as the gap width. Through
the paper the properties of photonic band gaps are investi-
gated by a traditional 4 × 4 matrix method. It is proved that
both width and location of the band gap can be tuned by
varying the electrical field. Some practical limitations are
also discussed based on our theoretical models.

2 Basic theory

Figure 1 shows the schematic diagram of a Z-cut SPPLN
photonic band gap structure. The arrows inside the SPPLN
indicate spontaneous polarization directions. Λ is the pe-
riod of SPPLN and κ is the proportional number defined by
the length of the positive domain to the length of the period
where 0 < κ < 1.

It is well known that the transverse (Y -direction or
Z-direction) electrical field would introduce electro-optic
effects to the crystal. Since the magnitudes of electro-optic
coefficients, such as γ51, γ33 and γ13, remain constant, but
change signs in inversed domains, the electric-optic effect
works differently in positive and negative domains accord-
ing to their polarization orientations.

In the case of an electrical field applied along the Y axis
of the sample, the deformation of the refractive index ellip-
soid would cause the original principal axes at Y and Z di-
rections to rotate to different Y ′- and Z′-directions about the
X axis [9]. As the principal axes in the positive and nega-
tive domains are periodically layered θ and −θ , the filtering
effect is demonstrated with two crossed polarizers placed
at the two ends of the PPLN. In our applications each do-
main works as a zero-order half-wave plate at center filtering
wavelengths [10, 11]. The rotation angle θ is defined by (1):

θ ≈ γ51Ey

(1/ne)2 − (1/no)2
(1)

where ne and no are extraordinary and ordinary refractive
indexes without an electrical field, γ51 is the electro-optic
coefficient of LiNbO3, and Ey is the applied field intensity
along the Y axis.

Fig. 1 Schematic diagram of the structure. X, Y , and Z represent the
principal axes of the original index ellipsoid of LiNbO3. The external
electrical field is applied along the Y - and Z-directions

While the electrical field is along the Z axis, the princi-
pal axes remain unchanged in direction but vary in magni-
tude. The new refractive index in the positive and negative
domains is defined by (2):

{
n±

e = ne ∓ 1
2n3

e · γ33 · EZ,

n±
o = no ∓ 1

2n3
o · γ13 · EZ

(2)

where γ33 and γ13 are its electro-optic coefficients and Ez is
the applied electrical field along the Z axis. The subscripts
+ and − indicate positive and negative domains, respec-
tively.

In our proposed periodical structure, while the domain
length decreases down to a submicron which is comparable
to the wavelength of incidence, contradirectional coupling
between two orthogonally polarized modes would induce
the forbidden band gaps occurrence in such media.

When the Y -directional electrical field Ey is applied
alone, the refractive index remains constant in positive and
negative domains, the Bragg reflection between two orthog-
onally polarized modes will occur when the following equa-
tion is satisfied [19]:

(k1 + k2) · κΛ + (k1 + k2)(1 − k)Λ − 2mπ

= (k1 + k2)Λ − 2mπ = 0, m = 1,2,3 . . . (3)

where k1 and k2 are the wave vectors defined by 2πne

λ
and

2πno

λ
. When the additional electrical field Ez is applied, the

refractive index in the positive and negative domains is not
the same according to (2), thus (3) will be changed to the
following form:

(
k+

1 + k+
2

) · κ + (
k−

1 + k−
2

) · (1 − κ) − 2mπ

Λ
= 0,

m = 1,2,3 . . . (4)

where k±
1 and k±

2 are the wave-vectors defined by 2πn±
e

λ
and

2πn±
o

λ
. The scripts + and − indicate the positive domain and

negative domain, respectively. The coupling coefficients of
these two modes are determined by the electrically induced
rotation angle and the duty cycle of the structure.

The propagation of electromagnetic waves can be gen-
erally studied by transfer matrix methods. The electromag-
netic waves traveling in birefringent crystals are composed
of four partial waves, therefore the traditional 4 × 4 matrix
is used which takes consideration of multilayer reflections
and describes fine spectra. The transfer matrix of a single
domain is the product of two component matrices D and P .
For simplicity, here we just give the general results of matri-
ces D and P , the specific derivations of which are given out
by Pochi Yeh and A. Mandatori et al. [19, 20]. The matrix
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D depends on the directions of polarizations of four partial
waves expressed by (5):

D(θ) =

⎛
⎜⎜⎝

cos θ cos θ − sin θ − sin θ

no cos θ −no cos θ −ne sin θ ne sin θ

sin θ sin θ cos θ cos θ

−no sin θ no sin θ −ne cos θ ne cos θ

⎞
⎟⎟⎠

(5)

where θ is the rotation angle defined by (1).
And the matrix P is related to the phase delay quantity

defined by (6):

P(a)

=
(

exp(−iπnoa/λ) 0 0 0
0 exp(iπnoa/λ) 0 0
0 0 exp(−iπnea/λ) 0
0 0 0 exp(iπnea/λ)

)
(6)

where a is the length of a single domain.
Having the duty cycle κ and the period length Λ, the total

transfer matrix can be written in the form of (7):

M = D−1
a

[
D(−θ)P

[
κ(1 − Λ)

]
D−1

× (−θ)D(θ)P (κΛ)D(θ)
]N

Da (7)

where Da is the dynamic matrix of air which is given by:

Da =

⎛
⎜⎜⎝

1 1 0 0
1 −1 0 0
0 0 1 1
0 0 −1 1

⎞
⎟⎟⎠ . (8)

In case of normal incidence, the transmission or reflec-
tion coefficients of certain polarized incidences can be de-

rived from M . For example, the transmission of Y -direction
output with the same direction input is expressed as (9)

Tyy =
∣∣∣∣ M(1,1)

M(1,1) ∗ M(3,3) − M(1,3) ∗ M(3,1)

∣∣∣∣
2

. (9)

3 Simulation and discussion

In our simulations, the size of sample is set 5 cm × 1 cm ×
0.5 cm. The poling period is satisfying the first-order
(m = 1) Bragg condition (ne +no) ·Λ = λ for λ = 1550 nm,
which equals to 352.3 nm. The refractive index of the crystal
ne and no are set to 2.15 and 2.25 without electrical fields.

First of all, we consider the structure with the duty cycle
κ = 0.5 and the external electrical field 300 V/mm applied
along the Y axis only. Figure 2 shows the transmission spec-
tra of light input with the Y -polarization and Z-polarization,
respectively. Tyy and Tzz denote the transmission spectra
where the polarizations of output fields are parallel to them
of the input and Tyz and Tzy denote for the perpendicular
cases. The traveling behaviors for both Y - and Z-polarized
input light are quite similar at the corresponding output.

We could observe that the photonic band gaps locate in
the same wavelength range at around 1550 nm with a gap
width of 0.046 nm for both Y - and Z-polarized input light.
The shapes of the gap in Tyy and Tzz are much deeper than in
Tyz and Tzy as transmittances are over 60% at band edges.
We also found that the gap width is related to the sample
length, or the number of domain. If the length of sample
has decreased in half (which is 2.5 cm), then to acquire the
same-wide gap Ey needs to rise to 442 V/mm. The similar
traveling behaviors for both Y - and Z-polarized input light,
however, means that an arbitrary polarized input light could
always form a gap at the same range as it can always be de-
composed into Y - and Z-polarized components. Therefore,

Fig. 2 Transmission spectra of
Y - and Z-polarized input and
output denoted as Tyy Tyz Tzz

Tzy with the electrical field of
Ey = 300 V/mm applied to
SPPLN, respectively
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Fig. 3 Transmission spectra of Y -polarized input and output (Tyy )
with the electrical field of Ey = 50 (dashed line), 150 (solid line), and
400 V/mm (dotted line) applied to SPPLN, respectively

in following discussions we only consider Y -polarized input
cases for simplicity.

Figure 3 maintains the transmission spectra Tyy by tun-
ing Ey . The duty cycle of the structure is set to 0.5. When
Ey is set at the low level of 50 V/mm (plotted as a dashed
line in Fig. 3), the forbidden gap is not deeply formed with
the lowest transmittance reached around 22%. By increasing
Ey to 150 V/mm (the solid line in Fig. 3), a flatly shaped
gap is observed with central transmittance down to zero.
When a larger Ey 400 V/mm (the dotted line in Fig. 3) is ap-
plied, the flat gap grows much wider to 0.061 nm. It shows
that the depth as well as width of the gap, which is related
to the mode coupling efficiency, can be modulated by Ey .
Compared with other methods, such as doping or inserting
new layers to gain a tunable band gap, this electrical tuning
method is potentially attractive without implementing struc-
tural reconstructions.

We investigate the transmission properties when the duty
cycles of structure are varying. According to the poling engi-
neering, the most common defects that arise from the device
fabrication are duty-cycle errors. Figure 4 shows the trans-
mission spectra Tyy while the duty cycles are 0.5, 0.6, and
0.7, respectively and Ey is 200 V/mm. A constant duty-cycle
error gives no change in gap locations other than the gap
width. With duty cycle κ = 0.5, the formed gap is slightly
wider than the other two; and lager deviations between pos-
itive and negative domain would lead to more suppressions
of gap as shown in simulation.

Some more interesting results have been explored with
duty cycle κ �= 0.5 by applying an additional Ez. We have
noticed that Ez would cause numerical deviations in ne and
no, thus the positive and negative domains contribute dif-
ferently to the Bragg conditions due to different effective
lengths. Figure 5 maintains the transmission spectra Tyy

when an additional Ez 4000 V/mm is applied and Ey is

Fig. 4 Transmission spectra of Y -polarized input and output (Tyy )
with the electrical field of Ey = 200 V/mm applied to SPPLN for dif-
ferent duty cycles 0.5, 0.6 and 0.7 in dotted, solid, and dashed lines
respectively

Fig. 5 Transmission spectra of Y -polarized input and output (Tyy )
with the electrical fields of Ey = 200 and Ez = 4000 V/mm applied
to SPPLN for different duty cycles 0.5, 0.65, 0.35, 0.85 in solid line,
dashed line with up-triangle symbols, dashed line with circle symbols,
and dotted lines, respectively

maintained at 200 V/mm. The dashed line with up-triangle
symbols, dashed line with circle symbols, dotted lines, and
solid lines stand for κ = 0.65, κ = 0.35, κ = 0.85, and
κ = 0.5, respectively. In the case of duty cycle κ = 0.5,
the gap location remains unchanged since the induced phase
variations in positive and negative domains would can-
cel each other according to (3). In the case of duty cycle
κ �= 0.5, however, the gap locations would be shifted as the
induced phase variations in different domains are unequal.
The shifted magnitude 	λ which is compared to the origi-
nal matched wavelength with Ey can only be expressed by
Ez and duty cycle κ deduced from (4) as follows:

	λ = 1.467 × 10−4 · (0.5 − κ) · Ez. (10)
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According to (10), for example, the shifted magnitude 	λ

for κ = 0.65 is the same as κ = 0.35 but in the opposite
direction. For κ = 0.65 and Ez = 4000 V/mm, the theoreti-
cally calculated 	λ is 0.088 nm which matches well with
the result in Fig. 5. Under the same Ez, 	λ would shift
more for greater deviations between the length of positive
and negative domains, as observed for the case of κ = 0.85.

4 Conclusion

In this paper, we have investigated the electrical tunable
properties of submicron periodically poled LiNbO3(SPPLN)
functioning as the forbidden band-gap structure. A narrow
band gap can be acquired with a relatively low Ey . More-
over, the most efficient coupling occurs while the duty cycle
is 0.5. In case of κ �= 0.5 the gap would be shifted by ad-
ditionally applying a Z-directional electrical field which is
applicable in sensor devices. The electrical tuning method
would also have limits, for example, the electrical field in-
tensity could not be larger than the coercive field, other-
wise deterioration of the periodical structure would result.
Thus, considering the domain inversion voltage 22 kV/mm
as the outer limitation, the maximum gap width could reach
1.064 nm and the dynamic range of gap location (when
κ = 0.6) would be from 0 to 0.323 nm.

Since our theoretical model is supposed to be 5 cm long
with 352.3-nm fabricated thin periods, some technical and
practical limitations still exist. Actually, based on current
studies of light induced poling effect, several groups are con-
fident that further optimization will allow domain patterning
down to length scales limited only by the diffraction lim-
ited spot size. At present, the measured domain widths of
150–300 nm are eminently compatible with structures with
periods of twice this value, from 300 to 600 nm [15]. So the
respective wavelength is calculated 1320 and 2640 nm for
the first-order condition. Additionally, direct-write electron
beam poling is promising in developing waveguide pattern
structures on lithium niobate substrate which can potentially
reduce the operational voltage of such devices.
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