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By utilizing the nonlinear Kerr effect of the background medium, power splitters based on the light-
intensity-dependent superprism effect are realized in a two-stage system, where two photonic lattices
are rotated to each other by 16°. The nonlinear finite-difference time-domainmethod is applied to conduct-
ing numerical experiments. The first lattice acts as the deflecting stage, in which beams with different
power densities are separated from each other spatially. The second lattice has a function of “angular am-
plifier” that enlarges the separation angle between two power density ranges (lower than 100W=μm2 and
higher than 300W=μm2) to 90°-like. In the first photonic band, due to the local change of refractive indices
inducedby thepumpingpower, new interfaces are formedbetween thepumpedandnonpumpedareas.The
k-vectorwill be rotated by these interfaces until the phase velocity and group velocity have the same direc-
tion. The shape of the interface between these two stages is discussed. © 2008Optical Society of America

OCIS codes: 160.5298, 190.4390, 230.1360.

1. Introduction

Photonic crystals (PhCs) [1] have attracted a lot of
attention in the past decade due to their ability to
control the flow of light on a miniature scale. Many
of the studies have focused on newmeans of tailoring
the emission and propagation of light using the
photonic bandgap (PBG) property, whereby the
photon density of state is zero. On the other hand,
outside of the PBG, especially near the PBG, the rich-
ness of interesting dispersive properties of the PhC
yields one-type device-“passive” devices such as the
superprism [2,3], the self-collimator [4], and the
polarization beam splitter [5].
The performance of these passive devices continues

to excite the community because of their potential ap-
plication for next-generation photonics technology.
The static PhC-based passive devices, however, do
not meet the demand for all-optical signal processing
in the future. It is desirable to make the effects de-
scribed above dynamically tunable by introducing

an external control to modulate the band structure
of the PhC. Depending on the physical properties of
the background materials, the tuning of PhCs can
be realized by different mechanisms such as varying
the temperature [6] and applying an external electric
[7] ormagnetic field [8] or amechanical stress [9]. The
drawback of these approaches is that they cannot pro-
vide all-optical high-speed operability desired for ad-
vanced optical signal processing and communication
systems [10].

Another method to achieve the tunability is to uti-
lize the nonlinear Kerr effect of the background ma-
terial in PhCs, whereby the polarizing beam splitter
(PBS) is modulated by a pumping beam, either from
the top or side of the samples. Since the response is
instantaneous, the functionalities realized by PhCs
could be greatly enhanced by the addition of Kerr
nonlinearities, such as ultrafast all-optical tuning
[11], switching [12], and limiting [13]. However, there
are only a few studies on introducing the Kerr non-
linearity into passive devices. For example, Nicolea
et al. have recently demonstrated an optically tun-
able superprism effect in PhCs with Kerr nonlinear-
ity by means of a modified plane-wave expansion
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(PWE) method to include the changes of the refrac-
tive index induced by nonlinear effects in a self-
consistent way [10,14].
The PWE method is well known and has been ap-

plied widely to demonstrating the physics under-
neath the passive device. However, as the nonlinear
Kerr phenomenon is a strong local effect and signifi-
cantly dependent on the local field intensity, the non-
linear finite-difference time-domain (FDTD) method
is a more powerful and accurate tool to conduct this
kind of numerical experiment than the PWE method
is. Not only could the propagating behavior of EM
waves in nonlinear PhCs be directly visualized, but
also the quantitative result such as the transmission
efficiency is easy to obtain.
By utilizing the Kerr effect of the background ma-

terial, we propose a compact power splitter based on
the self-induced superprism effect, where the signal
beam acts as the pumping beam so that the power in
the signal beam itself is responsible for modifying the
PBS. The unifying of the signal beam and the pump-
ing beam enables numerical experiments by a non-
linear FDTD technique. The schematic structure of
the device is shown in Fig. 1(a) with two stages
operating at two frequencies [see Fig. 1(b)]. The
photonic lattices in stage 1 act as the deflecting part
based on the superprism effect, while stage 2 acts as
an “angular amplifier,” to increase the angular se-
paration and thus suppress the crosstalk for a given
pumping power spread. The operating frequency in
the first stage is chosen as 0:19 c=a, a typical operat-
ing point for the superprism in the first photonic
band (c is the speed of the light, and a is the lattice
constant) in order to avoid a complex multimode.
In this paper, both PWE and nonlinear FDTD tech-

niques are utilized to do simulations. PWEwith 1764
plane waves is employed to reveal qualitatively the
underlying physics of the device. In nonlinear FDTD
simulations, a grid size of a=20 and a perfectly
matched layered boundary condition is used with

the width of the input Gaussian beam being 8 peri-
ods. Pumping power P is the power per unit length in
the y direction (parallel to the axis of the holes) with
the unit W=μm, and power density P=a (W=μm2) is
the power per unit cell. The time step becomes very
important in nonlinear FDTD simulation, as there is
no analog of the Courant criterion like in the linear
case [15]. To obtain a simulating stability, a smaller
time step is required as the material is driven more
nonlinearly. We utilized a trial-and-error approach
for the highest power density of pumping in this pa-
per (300W=μm2) and found a 1/2 Courant limit is en-
ough to reach the stability. Therefore, a 1/2 Courant
limit time step is applied throughout all the non-
linear FDTD simulations.

The basic structure is created by drilling circular
air holes in a slab waveguide with the background
material being a nonlinear Kerr medium. A two-
dimensional (2D) model is sufficient for the purpose,
as the photonic functionality depends only on the 2D
properties of the lattice. All fields are transverse-
magnetic (TM)-like with the E field pointing out of
the plane, but a similar case can be constructed
for TE-like polarization.

2. Designing the First Stage of the Power Splitter
based on the Superprism Effect

In comparison to the triangular and honeycomb PhC
structure, a square lattice has a higher asymmetry
and results in more aberrance of the dispersion in
the low photonic band. We therefore consider a 2D
square lattice, with the input interface being rotated
24° away from the ΓM direction, to obtain the sensi-
tive superprism effect [16]. The structural parameter
of the PhC is r=a ¼ 0:34, where r and a are the hole
radius and lattice constant, respectively. The refrac-
tive index no is assumed to be 2.85, considering bot-
tom cladding materials in the GaAs-based PhC slab
waveguide [17], with the nonlinear Kerr coefficient
n2 ¼ 3 × 10−4 μm2=W. Then we have

nðx; zÞ ¼ no þ n2E2ðx; zÞ; ð1Þ
where E2ðx; zÞ is the local electric field intensity. By
changing the refractive index nðx; zÞ, the PBS of the
PhC could be controlled by an external pumping
beam. As the local field intensity is hard to obtain
in Kerr nonlinear PhCs, the local refractive index
n cannot be precisely defined and is related with
the power density P=a approximately. We therefore
add “∼” in front of P=a when correlating it with n
to show their approximate correspondence.

We start with investigating the relationship be-
tweenP=aand thedeflectingangle θ in the first photo-
nic band near the band edge. Note that the deflecting
angle θ in PWE calculation and nonlinear FDTD si-
mulation could be different because of the rotation
of the k-vector. This point will be addressed in the
following context. In nonlinear FDTD modeling, θ is
defined as the angle between the normal to the input
interface and the line connecting the first and last

Fig. 1. (Color online) (a) Schematic structure of the device with
two lattices. The gray color denotes the Kerrmaterial and red color
the air. (b) Photonic band structure (TM-like mode) for the square
PhCs, in which the blue color (solid) curves are for refractive index
2.85 (corresponding to P=a∼ 100W=μm2) and the red color
(dashed) for 2.91 (corresponding to ∼300W=μm2). The straight so-
lid line represents the operating frequency for band 1, and the
dashed line is for band 3.
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points of theEMwaves in the PhCs, as shown inFig. 1
(a). This is different from the definition in the PWE
method (the angle between the group velocity and
the normal to the input interface). Nonetheless, the
results from these two methods are still comparable.
As we know, increasing the refractive index of the

medium will drag the PBS to the lower frequency.
Consequently, a specific frequency is closer to the
band edge in the larger refractive index medium (in
the first band), leading toamore sensitive superprism
effect. This issue is verified by the dependence of θ on
the refractive index of the PhC calculated by the PWE
method inFig. 2(a). As canbe seen,with an increase of
refractive indices in the background medium, the de-
flecting angle θ becomes larger. When the refractive
index is increased to larger than 2.85, the operating
frequency (0:19 c=a) approaches to the band edge.
Hence, θ starts to increase significantly until this fre-
quency jumps into the photonic bandgap. In order to
provide more accurate and convincing results, we
then pump the PhC with different power densities
to obtain the relationship between θ and P=a by the
nonlinear FDTD technique. As expected, higher
pumping power densities result in larger refractive
indices and thus larger deflecting angles [see Fig. 2
(b)]. This is consistent with the results in Fig. 2(a) ob-
tained by the PWE method and could be named as a
light-intensity-dependent superprism. It should be
noted that, unlike in FDTD modeling, no nonlinear
parameters such as pumping power were set during
PWE calculation. Only the modification of the refrac-
tive indexwas considered. Therefore, the results from
PWE calculation in this paper are direct and only to
exhibit the physics of the designeddevice. FDTDmod-
eling results represent the traveling behavior of EM
waves in nonlinear PhCs more accurately than those
from the PWE method since the nonlinear effect is
greatly dependent on the local field intensity.
Based on this superprism effect, we can then

choose two power densities to realize the power split-

ting. For example, as shown in Figs. 3(a) and 3(c), the
beam with power density 300W=μm2 refracts to 10°
and 100W=μm2 to 3°. Therefore these two beams are
separated by 7°.

One interesting phenomenon observed in Fig. 3(a)
is the rotation of the k-vector. In the linear medium,
the way to obtain the direction of the light propaga-
tion in the PhC structure is first based on themomen-
tum conservation rule (the component of the input
k-vector parallel to the input interface k== ¼ 0) and
thengivenby the groupvelocity νg ¼ ∇κωðκÞ, as shown
in the dashed black arrow (νg1) in Fig. 3(b). In the non-
linear medium, however, the situation becomes very
complicated. If we look closely at the refracted field
maps in nonlinear PhCs [Fig. 3(a)], we can see that
“wavefronts” (As wavefronts in Bloch waves cannot
be defined rigorously, we use double quotation marks
here) formed by constant-phase regions are not paral-
lel straight lines (magenta solid lines are given as a
visual aid). They are rotating along with the propa-
gating direction. This rotation is likely due to the non-
linearity of the background medium. As we know, in
the Kerr medium, the nonlinearity is strongly depen-
dent on the local field intensity. The refractive index
will be larger in the higher light intensity area. Con-
sequently, there exist refractive index interfaces be-
tween the pumped and nonpumped areas. When
the k-vector does not have the same direction as
the energy, it will inject into the light intensity-
induced interfaces with a slanting angle during the
propagation. As a result, the k-vector could be rotated
by these local interfaces. The details of these inter-
faces are hard to obtain since the traveling behavior
of the light in nonlinear PhCs is intricate. The overall
trend of the resultant rotation, however, is possible to
be predicted. The process of the rotation induced by
one specific pumping power possibly occurs as plotted
in Fig. 3(b): (1) When the pumping power enters into
nonlinear PhCs, the group velocity at the very begin-
ning can be obtained by the PWE method like in the

Fig. 2. (Color online) (a) Dependence of the deflecting angle θ on the refractive index of the PhC calculated by the PWE method.
The dashed square denotes our operating refractive indices. (b) Relationship between the deflecting angle θ and the input power density
obtained by nonlinear FDTD simulations.
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linear PhC, as shown by the black dashed arrow (νg1).
(2)With the light traveling in the nonlinear PhCs, the
local refractive index interfaces induced by the energy
come into being. The initial k-vector (k1== ¼ 0) experi-
ences these local interfaces with a tilting angle.
Therefore, the k-vector starts to rotate, and k== does
not equal zero anymore. At the same time, the direc-
tion of the group velocity also varies with the rotation
of the k-vector. Thismiddle state is displayed in green
(νg2 and k2==). (3) At last, this rotation is stoppedwhen
the k-vector is parallel to the group velocity. There are
two factors to influence the rotating process. One is
the rotation itself. Along with the rotation, the k-
vector departs from the partial gap (in the ΓX direc-
tion), and the shape of the equi-frequency contour
(EFC) forPhCbecomes similar to that for uniformma-
terials. Therefore, the direction of the group velocity
approaches that of the phase velocity, as shown in νg3
in Fig. 3(b). On the other hand, the power density de-
creases with the reduction of the transmission along
the propagating direction (due to reflection and scat-
tering losses). As a result, the refractive index of the
backgroundmediumbecomes smaller, and the partial
gap on the corresponding EFC is shrinking. Both of
these two factors reduce the difference of EFCs be-
tween PhC and uniform materials. Therefore the ro-
tation of the k-vector will halt at some point when the
direction of the group velocity approaches that of the
phase velocity.

3. Designing the Angular Amplifier Stage to Enlarge
the Separation between Two Beams

In the above section, the power separation has been
realized by two different power densities. The se-
paration angle between two beams, however, is only
7° with 200W=μm2 power density difference. A larger
spread angle is desirable to suppress the crosstalk
and to compact the size of the power splitter at a
given difference of P=a.

In this section, we introduce an angular amplifier
intothedevicetoenlargetheseparationanglebetween
twosplit beams.Thisamplifier isalso constructedbya
square lattice (r=a ¼ 0:34), with the input interface
being rotated 8° away from the ΓM direction. These
two photonic lattices for stages 1 and 2 are therefore
rotated to each other by 16°. Figure 4(b) displays the
EFCs for frequency 0:336 c=a in the third photonic
band with refractive indices 2.85 (corresponding to
the pumping power density ∼100W=μm2) and 2.91
(corresponding to ∼300W=μm2). It can be seen that
theEFCsforbothrefractive indicesareapproximately
squares with rounded corners (the cusps of the con-
tour).Close to the corner region, thegroupvelocityun-
dergoes a strong shift (90°-like) in the propagation
direction when the k vector of the input beam shifts
along the interfacewith avery small angle. In the case
of 300W=μm2 here, the k-vector has been rotated 10°
by stage 1, and the direction of the input k vector for
stage 2 is therefore 10°. As k== moves from the left of
the cusp to the right, the separation angle for example
7° obtained from stage 1 can be amplified to 90°-like.

It should be noted that the principle to divide two
beams by the third band is different from that by the
first. In the first band, the separation is realized by
the difference of the EFCs for different pumping
power densities (refractive indices) at a given input
k-vector, aswehavepointed out inSection2.The third
band, however, can only amplify the spread angle for

Fig. 3. (Color online) (a), (c) Field distributions of nonlinear
FDTD modeling results for power densities of pumping 300 and
100W=μm2. The color scale of the filed maps is kept identical
throughout this paper. (b), (d) Equi-frequency contours (EFCs)
at a frequency of 0:19 c=a for refractive indices of the background
material 2.91 (red curves, corresponding to P=a∼ 300W=μm2) and
2.85 (blue curves, corresponding to ∼100W=μm2).

Fig. 4. (Color online) (a) (c) Field maps for the whole device by
nonlinear FDTD modeling with P=a ¼ 100 and 300W=μm2. The
structure of the device is exactly the same as shown in Fig. 1
(a). Air holes have been deleted to demonstrate the field distribu-
tion more clearly. RL in (c) means reflection loss. (b) EFCs at a fre-
quency of 0:336 c=a in the third band for linear PhCs when
refractive indices of the background material are 2.91 (red curves,
corresponding to the P=a∼ 300W=μm2) and 2.85 (blue curves,
corresponding to ∼100W=μm2).
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the already spatially split beams. The basically simi-
lar shapes of the EFCs for different refractive indices
do not play an important role in this amplification.
This can be seen in the left arm of the squarelike
shape in Fig. 4(b), where blue solid and red dashed
lines show a similar direction of the group velocity.
Another point to be noted is the rotation of the k-vec-
tor. Unlike in the first band, more than one distinct
mode will occur for the same frequency in the third
band. Therefore, the definition of the “wavefronts”
is much more complex. The discussion of the k-vector
rotation in the higher bands is not addressed here.
Figures 4(a) and 4(c) demonstrate the correspond-

ing nonlinear FDTD modeling results. As predicted
from PWE calculation, the beam with P=a ¼
100W=μm2 (300) goes to the −40° (þ50°)-like direc-
tion, left (right) of the normal to the input interface,
meaning that the separation angle is amplified from
7° to 90°-like. The transmittance efficiency (normal-
ized to the source) is 29% for P=a ¼ 100W=μm2 and
20% for300W=μm2. The lower transmission efficiency
in Fig. 4(c) is mainly due to the reflection loss (RL),
which is induced by the new interfaces between areas
with modified and nonmodified refractive indices
caused by the external pumping. The crosstalk be-
tween the left beam to the right (P=a ¼ 100W=μm2)
is 6dB, while the right beam to the left is
3dB (P=a ¼ 300W=μm2).

4. Discussion about the Interface between the First
and Second Stages

The interface is critical to keep or amplify the k-space
distribution for the device. In the linear medium,
when the interface between two stages is a straight
line and parallel to the input interface (such as in
Figs. 4(a) and 4(c)), the k-space distribution would
be conserved from one lattice to the next. In such a
case, the beam deflected by the first lattice would
not be transmitted to the second one, and the spatial
displacement in each stage would therefore simply
add up rather than the amplification taking place.
Oneway to solve this problem is to rotate the interface
between these two stages around the input interface
[17]. Figure 5(a) reveals the EFC for the frequency
0:197 c=a. In order to hold the output propagating di-
rection as in the PhCs (red solid arrow), the output
interface has to be rotated by 40° around the input in-
terface, which is illustrated in the magenta solid line.
Figures 5(b) and 5(c) then demonstrate linear FDTD
modeling results for the parallel and rotated output
interfaces, respectively. As shown, when the output
interface for stage 1 is parallel to the input interface,
the k-space distribution is conserved, meaning that
k== ¼ 0 for different frequencies (k-vector direction
is exhibited by white arrow), and the direction of
the group velocity cannot be kept after the output in-
terface. After rotating the output interface by 40° to
the input, the k-vector is rotated by 9° after the output
interface, and the direction of νg is transmitted out of
the first lattice, as predicted by the EFC.

In the nonlinearmedium, however, the k-space dis-
tribution is not conserved anymore. As we have dis-
cussed in Section 2, the k-vector is rotated in PhCs by
new interfaces between areas with modified and non-
modified refractive indices induced by the external
pumping. After rotating to the last direction (when
the group velocity and phase velocity have the same
direction), the propagating direction of the light is
almost conserved when it crosses the flat interface
between the PhCs and uniform materials, which is
shown by solid magenta and red arrows in Fig. 3
(b). By designing the numbers of the periods properly
(here we use 80), even with a parallel output inter-
face, the k-vector could be rotated to the same direc-
tion as by rotating the output interface in the linear
medium. Consequently, the spatial displacement
could be amplified by the second stage with a
straight line interface between two stages.

5. Conclusions

As the light density has a strong effect on the refrac-
tive index of the nonlinear Kerr material, we propose
a compact power splitter based on a self-induced
superprism effect. The external pumping power could
manipulate the beam deflecting from one side to the
other. Two photonic lattices rotated to each other by
16° are used to realize the two-stage power splitter.
The first lattice acts as the deflecting stage, in which
beams with different power are separated from each
other spatially. The second lattice has a function of
“angular amplifier” that enlarges the separation an-
gle between two power density ranges (lower than
100W=μm2 and higher than 300W=μm2) to 90°-like.
The direction of the interface between these two
stages is critical. To transmit the spatial separation
of the two beams out of the first lattice, the middle in-
terfacehas to be rotatedby40° around the input inter-
face in the linear medium. In the nonlinear medium,
however, the interface could be a straight line if the
number of lattices is designed properly because the
k-vector could be rotated by the energy-induced
interfaces between the refractive index modified
and nonmodified areas in the first photonic band.

Fig. 5. (Color online) (a) EFC at a frequency of 0:197 c=a. To keep
the output propagating direction as in the PhCs (red solid arrow),
the output interface has to be rotated by 40° around the input in-
terface, which is illustrated by the magenta solid line. (b), (c) Lin-
ear FDTD modeling results (frequency at 0:197 c=a) for parallel
and rotated output interfaces, respectively.

10 September 2008 / Vol. 47, No. 26 / APPLIED OPTICS 4705



The modeling in this paper is based on a stable
state (pumping by the continuous wave). If the
pumping is changed to a pulse in the experiment,
the situation of the splitting will be more complex.
When the power density of the pulse is changed from
zero to the peak, the deflecting angle will increase
simultaneously, as the response time of the material
(Kerr effect) is fast enough to follow this change.
When the power density of the pulse is changed from
the peak to zero, the deflecting angle will also de-
crease simultaneously. As the relationship between
the deflecting angle and the pumping power density
is almost linear when P=a > 100W=μm2, as shown in
Fig. 2(b), the deflecting angle will follow the shape of
the pulse (if the change of the refractive index in-
duced by the light is not saturated). Therefore the
propagating trajectory of the beam in stage 1 will
not be a straight line. However, the deflecting still
exists in this case when the pumping power is high
enough. Two power levels can thus be split spatially
by the first stage even with a pulse pumping.
Last, we expect that the power splitter described

here can find applications to future optoelectronic de-
vices, such as all-optical switching components or
agile light-beam steering systems.
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