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Due to different boundary continuity conditions, electromagnetic waves with transverse-magnetic and
transverse-electric polarizations respond differently when they encounter dielectric interfaces. Based on this
mechanism, we propose a self-collimating polarization beam splitter (PBS) constructed on a polarization-
insensitive self-collimation photonic crystal. The splitting is realized on a Mach—Zehnder interferometer (MZI),
through which the two polarizations can be separated by 90° with low cross talk. Both polarizations are self-
collimated to eliminate the diffraction loss during the propagation. Furthermore, the out-of-plane scattering
loss is suppressed since the PBS is operated in the first band. The wavelength bandwidth of the MZI-based
PBS reaches about 100 nm at 1550 nm. Finally, the influences of interfaces on the performance of the PBS are

discussed. © 2010 Optical Society of America
OCIS codes: 230.5440, 230.1360, 350.4238.

1. INTRODUCTION

Polarization beam splitters (PBSs) with low cross talk are
essential components in photonic integrated circuits
(PICs). Conventional PBSs such as those based on ridge
waveguides typically require an interaction length of sev-
eral millimeters and this requirement makes them less
attractive for integration [1]. Photonic crystals (PhCs), be-
cause of their interesting dispersive properties, provide
various opportunities to manipulate light waves in PICs.
Polarization beam splitting is one of their potential appli-
cations in PICs. Several groups have demonstrated this
function in PhCs. For example, Wu et al. separated two
polarizations by utilizing the dispersion diversities of
PhCs [2]. Ao et al. [3,4] and Schonbrun et al. [5] demon-
strated PBS based on the polarization-dependent refrac-
tion and directional bandgap effect in PhCs, respectively.
However, as the diffraction of electromagnetic (EM)
waves leads to significant spreading as they propagate,
the PBS realized by these methods suffers from diffrac-
tion loss. Self-collimating phenomenon in PhCs means
that the energy propagation directions for all the excited
modes are identical and the diffraction can be almost
eliminated [6-9]. Based on this phenomenon, Zabelin et
al. demonstrated a self-collimating PBS to cancel the dif-
fraction effect. However, their device operates in the sec-
ond band and suffers from intrinsic out-of-plane scatter-
ing loss [10].

As is known, the properties of PhCs are critically de-
pendent on the shape of their unit cells. By tailoring the
shape from a normally used circle to a pill, we have real-
ized the polarization-independent self-collimation (SC) in
a PhC with the symmetry of a square lattice [11]. By uti-
lizing this special pill-void PhC structure, we propose and
demonstrate a PBS constructed on a Mach—Zehnder in-
terferometer (MZI). The transverse-magnetic [TM, the
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magnetic-field (H-field) parallel to the plane] and
transverse-electric [TE, the electric-field (E-field) parallel
to the plane] polarizations can be separated by 90° in a
structure as short as 13 um (1550 nm regime). Both po-
larizations are self-collimated to eliminate the diffraction
loss. Furthermore, the out-of-plane scattering loss is sup-
pressed since the PBS is operated in the first band.

2. THE MECHANISM OF MACH-ZEHNDER
INTERFEROMETER POLARIZATION
BEAM SPLITTER

In isotropic and uniform media, the behavior of the TE-
and TM-polarized waves is the same. When they encoun-
ter a change in the permittivity (we assume the relative
permeability =1 as most of the materials in PICs are
non-magnetic), the H-field and E-field undergo different
variations. Normally, the H-field can be considered to be
both normal- and tangent-continuous through interface in
a non-magnetic material for both polarizations. For the
TM polarization, the E-field is parallel to the interface
and is tangent-continuous. It does not have any normal
component. In the TE case, however, the boundary conti-
nuity situation is different. As the displacement field D is
normal-continuous at the interface, the E-field is forced to
cross different dielectrics and is thus non-continuous at
the interface. As a result, the responses from TE and TM
polarizations are different.

If we introduce a very narrow gap such as a subwave-
length air slit into a medium with a high dielectric con-
stant (for example, £=11.56), as shown in the inset of Fig.
1, the propagation behavior of the TE- and TM-polarized
waves will be different when the width of the slit is less
than 300 nm. We employ a numerically stable enhanced
transmittance approach to calculate the transmission/
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Fig. 1. (Color online) The transmission and reflection of both po-
larizations when light travels through a dielectric-air-dielectric
sandwich structure at an angle of 45°. The red solid (black
dashed) color represents the TM (TE) polarization in the whole
article unless specified. Open shapes denote the transmission
and bulk ones indicate the reflection. The inset is the sketch of
the dielectric-air-dielectric (in gray-white-gray) sandwich
structure.

reflection of the TE/TM polarizations and analyze their
difference since it is based on the continuity of the tan-
gential component of the EM field at interfaces [12]. As
outlined in the inset of Fig. 1, TE- and TM-polarized
plane waves at a wavelength of 1550 nm impinge on the
air slit from the left-hand side at an angle of 45°, which is
greater than the critical angle. If the air gap is much
wider than the skin depth of the evanescent field, both
the TE and TM polarizations will be totally internal re-
flected and decay exponentially along the normal of the
interface in air. However, if the width of the air gap is re-
duced to subwavelength, optical tunneling will occur.

The calculation results are displayed in Fig. 1. As can
be seen, the TE (TM) polarization is split equally into re-
flection and transmission at the air gap with a width (d)
of 20 (100) nm. With an increase in d, the TE polarization
is totally internal reflected before TM polarization. There-
fore, the width of the air gap may be designed in such a
way that the TM polarization tunnels through while the
TE is reflected. From Fig. 1, the separation between TE
and TM polarizations is obvious (at the point blue circled).
With a single air slit, it is not surprising to find that the
cross talk is high (about 20%) for both polarizations.

As a MZI consists of two beam splitters and two reflect-
ing mirrors [13], we utilize this configuration to realize
the function of splitting. In order to suppress the propa-
gating loss induced by the diffraction, we construct the
MZI on a pill-void PhC with a square symmetry, which
has been shown to be able to collimate both polarizations
[11]. Figure 2(a) presents the equi-frequency contours
(EFCs) (calculated by the plane-wave expansion method)
of the PhC structure, in which the pill-shape voids are
drilled in GaAs (£=11.56). The structural parameters of
the PhC are described in the caption of Fig. 2. A freely
available software package was employed to obtain the
fully vectorial eigenmode solutions of the Maxwell’s equa-
tions [14]. 4096 plane waves were used to obtain conver-
gent results. By analyzing the EFCs, it can be found that
both TE and TM polarizations with +6° divergence can be
collimated along the I'M and I'M, directions with a fre-
quency bandwidth of ~6.5%. This angular range (=6°) is
larger than the divergence of a common single mode fiber.
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Fig. 2. (Color online) (a) The EFCs for the pill-void square lat-
tice with 2;=0.2a, hy=0.6a, where a is the lattice constant. As
can be seen, the propagation directions of the energy, which are
perpendicular to the EFCs, are along the I'M and I"'M, directions
in PhCs when the divergence of the incident beams is within 12°
(i.e., =6°) and the frequency is among 0.18-0.192 (X2wc/a)
(shown in yellow bulk arrows). (b) The sketch of the MZI-based
PBS. The TM-polarized beam mainly transmits through the two
air slits along the red solid arrows. At slit 1, The TE-polarized
beam is partially reflected (R, in black dashed arrow) and trans-
mitted (7, in black dotted arrow). At slit 2, the reflected and
transmitted part is partially reflected (Ry,R,’') and transmitted
(Ty,Ty') again. (®,5—D,,") represents the PD between the two
beams reflected and transmitted by slit 2 at the upper port, while
(P, —dyy) represents that between those reflected and transmit-
ted at the right port. The green lines represent the positions of
the power monitor.

Figure 2(b) shows the sketch of the MZI-based PBS
constructed on such kind of PhCs. Two air slits, which can
function as line defects to split beams in PhCs [15], are
utilized to perform as splitters in the MZI. Its width is de-
signed in such a way that the TM polarization can tunnel
through while the TE polarization is partially reflected
and transmitted. Then the TM polarization travels along
the solid red arrows and propagates out mainly from the
upper port at last. For the TE polarization, if the interfer-
ence between the reflected and transmitted waves at the
upper port is destructive while that at the right port is
constructive, it will propagate out only from the right
port.

The output of the TE polarization in a symmetric MZI
can be expressed as in [13],

I

upper

=A2(1 _Rl —R2, +R1R2 +R1R2’
+ 2\JTsz’Rl]‘Ez cos((¢p1 — ¢r1) + (D — d2'))),
(1)

Iright =A2(R1 +R2, —R1R2 _RIRZ’ + 2\/T1T2R1R2’
Xcos((¢,1 = dp1) = (s = di2))), (2)

where Ipper (Irignt) Tepresents the light intensity at the
upper (right) port and A stands for the amplitude of the
magnetic field. R; and T are the reflectance and trans-
mittance at slit 1, while (Ry,R,") and (T,T,') are those
at slit 2 as shown in Fig. 2(b). (®,;-®,;) represents the
phase difference (PD) between the reflected and transmit-
ted waves induced by slit 1. ($,o—P,,") and (P,," - D;9) de-
note the PD between two beams at the upper and right
ports when two in-phase sources impinge slit 2 along the
I'M and I'M,, directions simultaneously. More descriptions
for these parameters can be found in the caption of Fig. 2.
As the PD and power-splitting ratio at the two slits can-
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not be obtained analytically, these two equations are
semi-analyzing solutions. The two-dimensional finite-
difference time-domain (FDTD) method is employed to ob-
tain them numerically. In the numerical experiments, we
use a uniaxial anisotropic perfect match layer boundary
condition [16] in all the calculations in this paper without
restatement. All the PDs are measured at the same opti-
cal path. As the phase shift induced by the two reflecting
mirrors is similar, whether the beam is incident on the
I'M or I'M,, direction (the results are not shown), we only
consider the influence of the two slits in the calculations.
The results are shown in Fig. 3, where the two insets in
Figs. 3(c) and 3(d) display the configuration of the two
slits. To resolve the narrow air slits, the grid size is set to
a/50 in all the FDTD calculations unless specified, where
a is the lattice constant of the PhC. We only present the
modeling results at a normalized frequency of 0.188
X 2me/a as an example. The results are similar at other
frequencies as the width of the slits is much smaller than
the operating wavelength and they are insensitive to the
change in the wavelength. As can be seen in Figs. 3(a) and
3(b), (D,1—Dy1), (Po—D'), and (P,5"-Pyp) remain at
~90° when the width of the air slit varies from 0.1a to
0.4a. From Figs. 3(c) and 3(d), it can be found that
TR, =~T,y'R;. As a result, the relationship Ippe,+Iyight
~1 can be deduced from Eqgs. (1) and (2), meaning that
the energy is basically conserved.

From the modeling results exhibited in Figs. 3(c) and
3(d), we also found that when the widths of slits 1 and 2
are 0.15¢ and 0.135a, 1-R;-R, +R;Ry+RR,’
-2\T1T,'R R3=0. (Note that Ry/Ts is the same as R{/T)
since their incident directions with respect to the slits are
the same.) Combining this result with Eqgs. (1) and (2), we
can deduce that I,,pe,=0 and Iiz,=1, meaning that the
reflected and transmitted beams (TE-polarized) at the up-
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Fig. 3. (Color online) The PD induced by (a) slit 1 and (b) slit 2.
The two insets show the configuration of the two air slits. The
transmission and reflection of the incident beam along the I'M
direction are shown in (c) and those along the I'M, direction are
shown in (d). Note that Ry and Ty are the same as R and T as
they are all normalized to their own incident directions (along
the I'M direction) of the slit.
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per port interfere destructively and only travel out from
the right port. For the TM polarization, it is almost not
perturbed by these two narrow slits and passes through
at high transmission (~95% at both slits 1 and 2). As a
result, TE and TM polarizations are separated with low
cross talk at slit 2. The different response of TE polariza-
tion between the two slits in Figs. 3(c) and 3(d) is due to
the 180° rotation symmetry of the pill-void PhCs.

3. FDTD NUMERICAL EXPERIMENT

The normalized quantitative outputs of the TE and TM
polarizations from the right and upper ports in the MZI
are plotted in Fig. 4(a). The excitation method is the same
as in [15]. The applicable angular range of the input beam
of the PBS is determined by the EFCs of the selected PhC.
As shown in Fig. 2(a), +6° divergence from the surface
normal can be self-collimated for both polarizations. As is
well known, the spatial divergence of a beam is related
with its wavelength and width [17]. We thus set the width
of the input beam to 8a. This width represents =6° diver-
gence of the incident beam [18], within which TE- and
TM-polarized waves can be self-collimated by the PBS. If
the input beam is narrower than 8a, its divergent angle
would be larger than 12° and part of its spatial compo-
nents would not be self-collimated. The efficiency of the
device would then be degraded because the interference
condition at the output port could not be satisfied.

It is observed that ~96% of the TE polarization travels
out from the right port with only ~0.9% TM cross talk.
The response is flat in the SC frequency region. On the
other hand, the TM polarization directly travels out from
the upper port with 4% TE cross talk. The different cross
talk between TE and TM polarizations originates from
the splitting mechanism. The TE polarization is sup-
pressed at the upper port by the destructive interference
and thus its cross talk at the upper port is very small. For
the TM polarization, the reflections at the two air slits are
mainly suppressed by the optical tunneling. Therefore, its
cross talk at the right port is relatively larger. As the op-
erating wavelength (~5a) is much larger than the width
of the two slits (~0.1a) and the two arms of the MZI are
symmetric, the difference of the optical path between the
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Fig. 4. (Color online) (a) The quantitative outputs of both polar-
izations for the upper and right ports, which are normalized to
the power at the position of the green dashed line in Fig. 2(b).
The solid (dashed) lines represent the output at the upper (right)
port. (b) The H-field and (c) E-field distributions at a frequency of
0.188 X 2mc/a for TE and TM polarizations. The input interface,
reflecting mirrors, and air slits are outlined by the white dashed
lines.
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two arms is the same at different frequencies and thus
the outputs are similar over the SC frequency range.
Therefore, the two polarizations can be separated over a
wavelength bandwidth as broad as ~100 nm at 1550 nm
as shown in Fig. 4(a). This broad wavelength range can
provide a very large fabrication tolerance for the device.
Furthermore, as the width of the slit is much smaller
than the operating wavelength, the outputs of the PBS
are not sensitive to the variation of the slit’s position rela-
tive to the center of pill-shaped holes (results will be pre-
sented in the next section).

The field distributions in the MZI at a normalized fre-
quency of 0.188 X 27c/a are given in Figs. 4(b) and 4(c).
Obviously, the TE-polarized beam travels out from the
right port and TM from the upper one, as we have ana-
lyzed in the above context.

4. DISCUSSIONS ON THE INFLUENCE OF
INTERFACES

In the above context, we have demonstrated the polariza-
tion splitting function of the PBS and its efficiency with-
out considering the effect of interfaces. Interfaces are very
important factors to influence the performance of devices
based on PhCs. First of all, the termination of the PhC
can significantly affect the input/output coupling effi-
ciency of the device [19]. It could be improved by applying
suitable impedance matching layers at the interface. As it
is difficult to minimize the reflections for both polariza-
tions simultaneously by an impedance matching layer, we
optimize it in such a way that the reflections are rela-
tively low for both polarizations at a frequency. The
method utilized is similar to that proposed in [20]. The
parameters of the impedance matching layer are outlined
as in Fig. 5(a), in which ry=0.44a, d1=0.6a, rs=0.5a, and
dy=0.5a. The normalized quantitative outputs of the TE
and TM polarizations from the right and upper ports in
the MZI (including the effects of the input/output inter-
face) are plotted in Fig. 5(b). As can be seen, about 96.7%
(91%) of the TE (TM) polarization travels out from the
right (upper) port at a normalized frequency of 0.186
X 2mc/a. This relatively high transmission suggests that
the interference condition has not been changed even
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Fig. 5. (Color online) (a) Sketch map of the finite PBS. The
dashed squares highlight the position of the impedance matching
layers and their details are shown in the insets. Dashed squares
a and b are the same. r; stands for the radius of the outmost
semicircles and d; denotes the distance between the outmost
semicircles and the second outmost pill-voids. The green lines
represent the positions of the power monitor. (b) The quantitative
outputs of both polarizations for a finite PBS, which are normal-

ized to the input sources. The solid (dashed) lines represent the
output at the upper (right) port, respectively.
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with the sharp interface at this frequency. At other fre-
quencies, the performance of the PBS would, however, be
degraded by the unwanted reflections of the interfaces.
The periodic oscillations of the transmissions are due to
the periodic matching of the impedance matching layer.
Therefore, the reflections of the input and output inter-
faces will reduce the efficiency of the PBS. To realize high
transmissions for both polarizations in a wide frequency
range, the impedance matching layer has to be designed
very carefully. This issue is out of the range of our present
paper and will be investigated in the future work.

Secondly, the slits’ position relative to the pill-void cen-
ter may influence the performance of the PBS. We scan
the position of one of the slits with another one fixed in
the range of +£0.2a. The results are plotted in Fig. 6. It is
obvious that the outputs of the PBS remain similar even
with 0.2a shift from the pill-shaped holes’ center. This is
because that the operation wavelength (~5a) is much
larger than the width of the slits (~0.15a), as we have
pointed out in Section 3.

The position of the reflection mirrors (RMs) will also af-
fect the outputs of the MZI. In our modeling, we set the
two RMs at the same position (relative to the nearest
void) to provide symmetric MZI arms.

At last, the shape of the void will influence the perfor-
mance of the PBS significantly. The advantage of the pro-
posed PBS based on the pill-shaped void with square lat-
tice geometry is that the TE/TM polarizations cannot only
be separated but also be self-collimated. Furthermore, it
operates in the first band. Therefore, both in-plane and
out-of-plane diffraction losses can be suppressed simulta-
neously. PBS in PhC based on other lattice geometries or
other shapes of voids does not have similar advantages.

5. CONCLUSIONS

To summarize, we have constructed a self-collimating po-
larization beam splitter (PBS) with the configuration of a
Mach—Zehnder interferometer (MZI) consisting of the
polarization-independent PhCs. The splitting mechanism
is based on the phenomenon that TE/TM polarizations re-
spond distinctly when encountering dielectric boundaries.
TE and TM polarizations can be separated by 90° over the
self-collimating frequency range (~6.5%) in a structure as
short as 13 um. The cross talk for TM (TE) polarization is
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Fig. 6. (Color online) The dependence of the output of the MZI
on the position shift of the slit relative to the holes’ center. Dur-
ing the simulation, the position of one slit is scanned while an-
other one fixed. The normalized frequency used in the simulation
is 0.186 X2mc/a. The inset denotes the details of the displace-
ment of the slit.
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as low as 0.9% (4%). It has been found that the termina-
tion of the photonic crystal (PhC) could reduce the effi-
ciency of the PBS due to the reflections. This PBS is suit-
able for photonic integrations because of its broad
operating bandwidth and non-diffractive propagation.
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