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Abstract. The effect of the incident angle on all-optical diode (AOD) efficiency in a one-dimensional
photonic crystal structure (1DPC) for TE and TM polarizations was studied. An asymmetric hybrid Fabry
Perot resonator type 1DPC structure composed of linear and nonlinear materials was considered in this
communication. The nonlinear transmission curves around the defect mode resonant frequency inside the
photonic band gap for both TE and TM polarizations at different incident angles, from left to right (L-R)
and right to left (R-L) incidences, are illustrated. Results showed that with increasing the incident angle,
AQOD performance efficiency increases only for TM polarization. The AOD efficiency increased to 80% for
an incident angle of 60 degrees because of the dynamical shifting of the defect mode peak frequency caused
by the intensity-dependency of the nonlinear layer refractive index along the z-axes. For TE polarization,
the z-component of the electric field remained constant for all incident angles. The results of this study can
be important in optical data communications and information analysis in all-optical integrated circuits.

1 Introduction

In the last two and a half decades, artificial periodic struc-
tures known as photonic crystals (PCs), first introduced
by Yablonovich [1] and John [2], have attracted much at-
tention. The photonic gap, or forbidden band gap, is a re-
markable feature of a PC structure which is similar to the
electronic band gap in a semiconductor. The electromag-
netic field of the frequency within the band gap is evanes-
cent. Today, photonic crystal structures are employed to
control and manipulate the propagation of photons and
their potential applications going to be examined [3-6].
Additionally, designing an all-optical device with the abil-
ity being controlled by an external parameter has recently
attracted great attention due to its important applica-
tion in fields of optical communication and information
processing. Because of its special electromagnetic perfor-
mance and unique ability to manipulate the propagation
states of photons, the PC structure is regarded as an ideal
basis for integrated photonic devices [7-11].
Incorporating nonlinearity with PC structures gives
one the capability of dynamically controlling wave propa-
gation. Inouyea and Kanemitsu [12] experimentally ob-
served mode shifting and opened up new fields in the
application of PCs in nonlinear optical devices. Optical
bistability is a nonlinear process that can manipulate a
photon’s transportation and can be used in designing
all-optical switching [13]. It can be induced by the dy-
namic shifting of the band edge or one of the resonant
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modes [14,15] which appears in the photonic band gap of
a defective periodic or disordered PC structure. The per-
formance of optical bistability in a spatially asymmetric
PC structure together with the anisotropy of the field in-
tensity distribution inside the layers makes the structure
behave as a device called AOD. It permits an electromag-
netic wave to pass from one side of the structure but not
from the other side and is an electronic analogue of the
electric diode that passes electricity from one side only.
AOD has promising applications in some areas such as in-
tegrated photonic circuits, ultrafast information process-
ing, optical isolation and interconnection systems. Spa-
tially nonreciprocal passive AOD are currently receiving
much attention as an alternative to the conventional op-
tical isolator, which is based on linear polarizers and a
magneto-optical Faraday rotator.

In recent years, various structures have been proposed
to design an AOD, including using a 1D nonlinear PC
with defect [16,17], 1D nonlinear PC with a spatial grad-
uation in the linear refractive index [18], a nonlinear asym-
metric Bragg reflector [19], bistable diode action in left-
handed periodic structures [20] and spatial asymmetry of
the structure (e.g., Thue-Morse structure) with Kerr non-
linear dielectric materials [21,22]. An electro-tunable opti-
cal diode based on liquid-crystal heterojunctions showing
nonreciprocal transmission of circularly polarized light at
the photonic band gap regions has also been reported [23].
In another configuration using liquid crystals as the de-
fect layer, linearly polarized light is used [24]. The rela-
tively low transmission because of metal absorption and
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Fig. 1. Schematic of the IDPC structure with the asymmetric
arrangement of (AB)®(BA)?(BBAA)®.

the comparatively complicated structure are among the
application limitations of some proposed AODs.

As far as is known, all previous studies have been done
for normal incidence, and the effects of the incident an-
gle and state of the polarization were omitted. This work
illustrates the possibility of AOD performance and its
transmission contrast adjustability by incident angle and
investigates the effect of polarization in an asymmetric
1DPC structure. Results of this study show that a one-
way transmission property (optical diode action) from the
proposed structure is achievable for the TM polarization
state and sensitive to the angle of incidence but not for
the TE polarization state at any incident angle.

The paper is organized as follows. In Section 2, the
problem geometry is introduced and a brief description of
the transfer matrix method is presented as the numeri-
cal tool in this study. In Section 3, the numerical results
are presented to find the desired structures. Finally, in
Section 4, the obtained results are summarized.

2 Theoretical model

Zhukovsky [25,26] proposed the hybrid Fabry Perot
resonator 1DPC structures of the type (AB)"(BA)™
(AABB)* and found that it exhibited pronounced uni-
directionality due to the strong spatial asymmetry of the
resonant mode and high transmission caused by the exis-
tence of a perfect transmission resonance [26]. He studied
the effect of periodicity numbers n, m and k on optical
bistability from this structure at normal incidence.

In this work, the hybrid Fabry Perot resonator struc-
ture of (AB)®(BA)°(AABB)® was employed, where let-
ters A and B stand for linear and nonlinear materials,
respectively (see Fig. 1). The linear and nonlinear ma-
terial parameters of A and B were selected as those in
references [21,22,24-27], the TiO2 with ng = 2.3, ny ~
1078 ecm? /MW, and polydiacetylene 9-BCMU organic ma-
terial with np = 1.55,n5 = 2.5 x 1075 cm? /MW, respec-
tively. The nonlinear response of layer A by three orders
of magnitude was smaller than that of layer B; there-
fore, it can be neglected. It should be mentioned that the
refractive index of a medium with a nonlinear response
would be intensity dependent given that n = ng + nol,
where ng is the linear refractive index, no the nonlinear
refractive index that is related to third order susceptibil-
ity x(® and I is the intensity of total electric field in the
medium [28]. The optical thickness of the layers was taken
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Fig. 2. Linear (black curve) and nonlinear transmission spec-
trum corresponding to L-R (blue) and R-L (red) normal
propagation of light with an input intensity of 50 MW /cm?.

to be a quarter wave: nada = npdp = Ag/4 in which
Ao = 550 nm is the characteristic wavelength.

The well-known simple and powerful transfer matrix
method for linear and nonlinear transmissions [29,30]
was employed to analysis the propagation of the electro-
magnetic wave through the structure. According to this
method, the tangential components of the electric and
magnetic fields across the jth layer of width dj, refractive
index nj, electric susceptibility €; and magnetic permea-
bility p; are related by the following matrix:

M, = Costjdj) qul sin(k;d;) , 1)
—g;sin(kjd;)  cos(kjd;)
where
w 9
ki = Vusej/1—sin” 0/ pe;,
4 = \/€j/\/ﬂj\/1 — sin® 0/ pje;,
for TE and

q; = \//LJ/\/EJ\/I — Sin2 G/ILLjEj,

for TM polarization, 6 is the angle of incidence in the
corresponding layer, and j stands for layers A and B. The
transfer matrix for the proposed structure embedded in
air can be obtained by multiplying together all transfer
matrices of subsequent layer:

M = (MaMg)> (MpMa)® (MaMaMpMg)®.  (2)

The transmittance in terms of the total transfer matrix
elements, Mj;, is given by:
4cos? 0

T(w) =
( ) |(M11+M22)C08077:(M21 C08297M12)|

5 (3)
3 Results and discussions

In Figure 2, the linear transmission (LT) and the nonlinear
transmission (NT) spectrum from left to right (L-R) and
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Fig. 3. The linear transmission (black) and behaviour of the nonlinear transmissions from L-R (dash-blue) and R-L (red) light
incidence for TM and TE polarization at incident angles of 45 (a) and (b) and 60 (c) and (d) degrees, respectively. Other

parameters are the same as in Figure 1.

right to left (R-L) light incidence at a normal angle is
plotted. It can be seen that for both incident directions,
the NT spectrums overlapped. They were also deflected to
the lower frequencies with respect to the LT defect mode
peak frequency. This indicates the dynamic modification
of the optical path length in nonlinear layers B caused by
the intensity dependence of their refractive index.

To investigate the effects of the incident angle and
state of polarization, the NT spectrum for both polariza-
tion states and different angle of incidences was studied.
Figure 3 shows the behaviour of the NT curves around the
linear transmission peak frequency (defect mode), from
L-R and R-L light incidence, for both TE and TM po-
larizations at incident angles of 45 and 60 degrees. It can
be clearly seen that increasing the incident angle causes
the NT transmission of the L-R direction to deviate faster
than the R-L direction for TM polarization but it remains
constant for TE polarization. The deviation of L-R and
R-L transmissions in a PC structure can be used as an
optical diode device. For example to estimate the AOD
efficiency given by C' = (Tree — Tright)/ (TLefs + TRight) at
the incident angle of 60 degrees for the TM polarization
state more than 80% transmission contrast of AOD action
is achievable (see dashed region in Fig. 3c). Figure 4 shows
the deviation of the defect mode peak frequency for both
TM and TE polarization states from L-R and R-L inci-
dences at different incident angles. The difference between
L-R and R-L transmission peak frequency increases with
incident angle for TM polarization.
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Fig. 4. Deviation of defect mode peak frequency for TM and
TE polarizations at different incident angles.

The physical interpretation of these behaviours is very
simple. One of the necessary conditions for a PC struc-
ture to display an efficient AOD performance is that
the field intensity distribution inside the layers should
be anisotropic for left and right side incidents. For TE
polarization, the electric component of the incident field
remains along the z or y direction for all incident an-
gles and cannot affect the field distribution inside the
layers (along z-axes). For TM polarization, however,
the electric field is in the z-z plane, and its compo-
nent along the z-axes varies with varying incident an-
gles. Then, the refractive index inside of the nonlinear
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Fig. 5. Distribution of normalized z-components of the electric field inside layers for TM and TE polarizations, from L-R (red)
and R-L (dashed) at incident angles of 30 ((a) and (b)), 45 ((c) and (d)) and 60 ((e) and (f)) degrees. It can be seen that the
z-component of the electric filed remains constant in all incident angles for TE polarization but increases for TM polarization.

layers will change dynamically because of its intensity
dependency.

To justify those statements, the z-component of the
electric field distribution (normalized to the incident field)
inside the layers of the whole PC structure has been plot-
ted for both polarizations and different incident angles
as illustrated in Figure 5, from L-R (red curve) and R-L
(dashed black curve). It can be seen that the electric field
z-component increases with increases in the incident an-
gle for TM polarization, but remains constant for TE po-
larization at all incident angles. Increasing the electric
field inside the layers with nonlinear response (layers B)
changes their refractive index. Accordingly, the optical
path length will change. Then, the peak of the resonant
mode will shift and, correspondingly, the nonlinear trans-
mission that depends on transmission frequency will also
change.

According the above statements, the intensity of the
incident light is one of the important parameters that can
affect the nonlinear transmittance trough the structure.
In Figure 6, we have plotted the example nonlinear curves
at incident angles of 0, 45 and 60 degree, around the fre-
quencies depicted in Figures 2, 3a and 3c. The hysteresis
behaviour (optical bistability) clearly visible on an output
versus input intensity diagram.

4 Conclusion

In summary, the incident light polarization and angle ef-
fects on AOD behavior and its efficiency from a 1DPC
structure with arrangement of (AB)°(BA)°(AABB)S,
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Fig. 6. Behaviour of nonlinear transmissions from L-R (dash-
blue) and R-L (red) light incidence for normal incidence (a) and
45 (b) and 60 (c) degrees for TM polarization at different input
intensities around the frequencies indicated in corresponding
Figures 2, 3a and 3c.
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where all layers A are linear (TiO2) and B nonlinear
material (polydiacetylene 9-BCMU), respectively, have
been illustrated. Nonlinear transmission curves around the
defect mode frequency are presented for TE and TM po-
larization at different angle of incidences. The numerical
results show that with increasing the incident angle the
efficiency of AOD performance increases for the TM po-
larization state and reaches more than 80% on an incident
angle of 60 degrees. No efficient AOD performance is ob-
served for the TE polarization at any incident angle. This
is due to the variance of the electric field component for
the TM state along the PC structure period (z-axes) that
dynamically affects the refractive index of the nonlinear
layers. In the case of TE polarization, the electric field
component remains constant for all incident angles. This
may be important in optical data communications and
analysis.
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