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Abstract. We present an intrinsic polarization, splitting characteristic of low-symmetric
photonic crystals (PCs) formed by unit-cells with G rotational symmetry. This behavior
emerges from the polarization sensitive self-collimation effect for both transverse-magnetic
(TM) and transverse-electric (TE) modes depending on the rotational orientations of the unit-
cell elements. Numerical analyses are,performed in both frequency and time domains for
different types of square lattice 2-fold wotational symmetric PC structures. At incident
wavelength of A=1550..nm, high" polarization extinction ratios with ~26 dB (for TE
polarization) and ~22 dB (for TMipolarization) are obtained with an operating bandwidth of 59
nm. Moreover, fabrication feasibilities of the designed structure are analyzed to evaluate their
robustness in terms of the unit-cell orientation: For the selected PC unit-cell composition,
corresponding extinetion ratios for both polarizations still remain to be over 18 dB for the unit-
cell rotation interval of @=[40°-55°]. Taking all these advantages, 2-fold rotationally symmetric
PCs could be considered has an essential component in photonic integrated circuits for
polarization control of light.

A S

Keywords: Photonic crystals, polarization beam splitter, rotational symmetry, low-symmetry

1. Introduction

A varietyyof the photonic devices is designed to operate under a single polarization and thus, separating
unpolarized wave intopolarization states becomes essential. For this reason, polarization beam splitters (PBSs)
could be considered as one of the essential components in the area of optics and photonics in order to split
electromagnetic waves into two orthogonal polarization states, namely, transverse-electric (TE) and transverse-
magnetic (TM)anodes. Such devices are utilized in various applications such as optical communications, optical
logic circuits and optical biosensors. Previously proposed PBS devices [1-5] do not meet the requirements of the
today's optical circuits since their dimensions are on the order of millimeters. However, introduction of PCs into
the literature has enabled more practical PBS designs comparing to conventional ones in terms of feasibility and
compactness. Photonic crystal (PC) based PBS concepts and designs have already been studied in Refs. [6-14].
Forinstance, Solli ef al. have played an important role in using the PBG feature of the PCs to filter out one of the

two polarizations and transmit the other [6]. In addition, Zabelin et al. combined the PBG property with the



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

AUTHOR SUBMITTED MANUSCRIPT - JOPT-104232.R1

polarization insensitive self-collimation phenomenon and separated TM and TE polarizations in different
propagation directions with the help of splitting PBG region placed in a PC heterostructure [7]. Since_ such. type
of heterostructure is composed of different PC media, corresponding PBS performance may be degraded
adversely depending on possible fabrication errors. Another pioneering PBS concept was proposed by Wu et al.
using different dispersion characteristics of both TM and TE modes [9]. In this PBS concept, however, since
propagating polarized waves are exposed to light diffraction, there is no strong light confinement in the structure,
and hence, an immense decrease in the transmission efficiency exists for both polarizations: Apart from the
above-mentioned approaches, Ao et al. proposed polarization splitting effect using positive refractive index for
one type of polarization and negative refractive index for the other [11]. However, precise oblique light
incidence is required in such devices to excite the polarization sensitive index/of PC..This necessity makes this
PBS concept hard to embed into photonic integrated circuits. Furthermore, severe light scattering emerges at the
air-PC interface due to the tilted source excitation, which leads to reduction in the transmission efficiency for
both polarizations. In addition, apart from the PC based applications, other |concepts that use different
characteristics of light-matter interaction are also investigated infthe current literature. For instance, recently
studied PBS devices are generally based on the directional ,couplers (DCs) that use polarization sensitive
coupling lengths of the incident light [15-21]. However, DC-based devices require a high-resolution fabrication

processes due to the necessity of arranging two adjacent waveguides precisely.

In this study, different from previously geported device concepts we analyze a polarization splitting
technique for different PC unit-cell compositions by utilizing polarization sensitive dispersive behavior of 2-fold
symmetric PCs. As already known, photonic lattices are formed by the repeated arrangements of a simplest
component, which is called as PC "unit-cell"s Structural.parameters of the PC unit-cells are the main determinant
that influences the optical response of a periodic array to the incident light waves. Especially, rotational
symmetry is one of the structural properties that specifies the spatial configuration of a PC unit-cell structure. In
general, the order of rotational symmetry ofian object is determined by how many degrees it has to be rotated to
make it appear the same [22, 23]. Therefore, different unit-cell structures can be grouped (e.g. C;, C, C3)
according to the rating of rotational %meﬂy they possess. For instance, C; type, i.e. 2-fold symmetric, unit-cell
compositions have the same appearance after a rotation of 180° and the number "2" here means the ratio of the
full rotation (360°) to 180°. A majority of the PC-based applications in the literature consist of PC unit-cells with
circular rods or holes, which are highly symmetric in terms of rotational symmetry. On the other hand, structural
modifications (e.g: replacement of circular rods with elliptical ones or insertion of an additional rod in a unit-cell
geometry) on these PC unit-cells generate low-symmetric unit elements [24]. Thanks to their anomalous
dispersion properties, low-symmetric PCs reveal inherent extraordinary optical characteristics, such as tilted or
broad-angle self-collimation [25, 26], beam focusing [27], diffraction-free light propagation [28], wavelength-
demultiplexing [29]; coupled mode selection [30], band-gap enlarging [31], anisotropic zero-index mediums
[32]; and polarization sensitive devices [33]. The recent study in Ref. [33] presents an insight of PBS device
design exploiting homogenous rectangular PCs. In this work, however, the polarization splitting effect is
generalized to whole C; type PC unit-cells and comparative analyses among PCs with different geometries are

also.conducted.

The rest of the paper is organized as follows: spectral as well as time domain analyses of PCs’

polarization splitting property are performed in Section 2. In Section 3, comparative analyses of different PC
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unit-cell geometries are conducted in terms of polarization splitting performance. Finally, the outcomes of the

study are summarized in the conclusion section, Section 4.

2. Time and spectral domain analyses of polarization splitting behavior

In order to show the polarization splitting ability of 2-fold rotationally symmetric PCs, firstly we have
selected the square array of the unit-cells with elliptically shaped air-holes. The elliptical shapes are one of the
simplest geometries among the C, symmetry group. Therefore, initially, unit-cells composed of elliptically
shaped air-holes are analyzed for the polarization splitting characteristic of 2-fold rotational symmetric PCs.
Figure 1(a) shows the a x a sized unit-cell composition of this PC structure and permittivities of the dielectric

background and air-hole are selected as &,=12 (Si) and g,=1 (Air), respectively.
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Figure 1. (a) Geometric representation ofithe low-symmetric unit-cell that consists of an elliptically shaped hole with dimension parameters
e, and e, equal to 0.600a and 0.382a, respectively: (b) TM and (c) TE polarization iso-frequency contours (IFCs) corresponding to the given
unit-cell configuration in (@)a(d) The geometrie representation of the same unit-cell when the air-hole orientation angle equal to ¢=45° and
related IFC figures for (¢)/TMrand (f) TE polarizations. For the given unit-cells, permittivity constants are ¢,~1 and &,=12. Operating
frequency bandwidth of the PBS device is shaded with gray color in all IFC figures.

Structural dimensions of the elliptical hole are ¢,=0.600a and e,=0.382a where lattice constant is a=411
nm and air filling ratie is F;=18%. Throughout the study, plane wave expansion method is utilized to investigate
the dispersion characteristics of the low-symmetric PC unit-cells [34]. The analysis of iso-frequency contours
(IFCs) of the PC unit-cells gives information about light propagation within the photonic structure. Figures 1(b)
and (¢) represent the IFCs of the 2nd TM and TE polarization bands of the investigated PC unit-cells shown in
figure 1(a). As can be seen from the figures 1(b) and (c), there exist flat dispersion contours for both TM and TE
polarizations in the frequency interval of a/4 =[0.260-0.270] (gray-shaded area). This phenomenon asserts the
polarization insensitive conventional self-collimation effect in I'X propagation direction inside the PC medium.
The direction of such a self-guiding light can be tuned by adjusting angular orientations of the PC unit-cells. For
this_reason, the given elliptical air-holes are rotated by an angle of 8=45° as shown in figure 1(d). Here, the &

parameter corresponds to the angular orientation of the air-holes and the reason to select 6=45° is explained later
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in the following sections. Figures 1(e) and (f) represent the calculated IFCs for both TM and TE polarizations
that correspond to the PC unit-cells given in figure 1(d). As can be seen from the figure 1, the changesrin the
axial rotations of the elliptical unit-cell elements give rise to an obliqueness in TM self-collimation contours (see
figure 1(e)) while the TE ones are not affected much (see figure 1(f)). The emerging, inclination, in TM
polarization IFCs reveals tilted self-collimated beam propagation since the gradients of IFCs‘indicate the light
propagation direction at related normalized frequencies (see the gradient vectors in figure 1). On the other hand,
TE polarized IFCs maintain their square-like shapes despite the change of air-hole rotation angle and
conventional self-collimation feature still exists in the same normalized frequency interval. Such polarization-
sensitive self-collimation property can be used for polarization splitting purpese without introducing any
additional structural defects inside the PC medium. The given lengths of the minor and tajor axes of elliptical
PC holes in figure 1 are selected by applying a structural parameter sweep and extracting the IFC distributions of
TM and TE polarizations for each configuration when the PC air-hole orientation equals to 8=45°. During the
parameter sweeping process, the unit-cells corresponding to the scahmed, structure parameters are selected to
include an overlapped self-collimation frequency interval for both/polarizations'in their band structures. Then it
is determined that the unit-cell structure having the highest conteur inclinationy(consequently better polarization
splitting performance) in the IFC distribution of TM polarization belongs to the unit-cell case with parameters
e:=0.600a and ¢,=0.382a. In addition, polarization splitting phénomendh of 2-fold rotational symmetric unit-
cells is obtained by utilizing configurations with air-holes in a high-index background. However, for the
complementary case of high-index rods in an air background, no overlapped frequency intervals between TE and

TM polarizations exist, which prevents us to use dielectric rodsiinstead of air-holes in the proposed PBS concept.

0.0 46.3
X (um)

Figure 2. Spatial intensity distributions of the low-symmetric PC medium (consists of elliptical holes) for (a) TE and (b) TM polarizations at
normalized frequency a/4=0.265. (c) 3D representation of the proposed PBS device together with its output channels CH1 (TE) and CH2
(TM): Channel dimensions are arranged to obtain maximum performance (transmission & extinction ratio) from the different unit-cell
configurations which will be discussed in the later parts of this paper.
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Finite-difference time-domain (FDTD) method is used to numerically investigate time-domain response
of the designed PC structure [35]. Figures 2(a) and (b) are prepared to demonstrate spatial intensity distributions
inside the low-symmetric PC medium for both TE and TM polarization states at a/4=0.265, respectively.
Corresponding PC structure is composed of 45° rotated elliptical PC air-holes. In compliance withithe IFC
calculations presented in figures 1(e) and (f), expected conventional self-collimation phénomenon can be
observed for TE polarized light (see figure 2(a)) whereas the TM polarized light has a tilted light propagation
inside the periodic medium, see figure 2(b). In both polarizations, thanks to the self-collimation effect, incident
beam propagates in diffraction-free manner, which enhances the polarization separation performance at the
output ports in terms of transmission and retaining the mode profile. Relying on.the presented results, one can
deduce that an efficient splitting of two orthogonal light polarizations can be achievedusing rotated elliptical PC
air-holes. In addition to the elliptical ones, the polarization splitting characteristic can be generalized to whole C:
symmetric unit-cell configurations, as well. In order to transform the proposed extraordinary self-collimation
phenomenon into PBS application, input and output ports are introduced,to the given PC medium, see the 3D
illustration of PBS device in figure 2(c). The designed PBS device hassCH1 (TE) and CH2 (TM) output ports
with widths of 4.4 um and 6.5 pm, respectively. The channel dimensions are arranged to obtain optimum
polarization splitting performance from different types of C,symmetric PC unit-cells. The structural dimensions

of intended PBS device are fixed to be 46.3 pm x 12.7 pm/with lattice coffstant equal to a=411 nm.

3. Discussion and evaluation of numerical results
In this section, additional three 2-fold symmetric unit-cell configurations having the same filling ratios,

namely {U2, U3, U4}, are analyzed to demonstrate the freedom of unit-cell selection within C, symmetry group.
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Figure 3. The unit=cell representations of different air-hole compositions with 2-fold rotational symmetry: (a) Ul (elliptical), (b) U2
(overlapped circles) (¢) U3 (rounded rectangle) and (d) U4 (perfect rectangle). The dimensions of the each air-hole geometry are selected to
have same air fillingatio (£,=18%).in unit-cell scale. Polarization extinction ratio curves at CH1 (TE) and CH2 (TM) output ports of the
PBS devices composed of the given unit-cell configurations in (a)-(d). Each unit-cell is represented with different color and line style.

The geason for, selecting unit-cells with same air filling ratios (F, =18%) is to compare their polarization
separation performance by keeping their operating PBS frequency interval the same. Figures 3(b)-(d) represent
the selected PC air-holes; U2 (overlapped circles), U3 (rounded rectangle) and U4 (perfect rectangle),
respectively. It should also be noted that C; symmetric unit-cell designs are not limited to these ones and can be

further expanded with different compositions, as well.
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In order to analyze the polarization splitting performance of the four given PC unit-cell geometries in
figures 3(a)-(d), corresponding polarization extinction ratios (PERs) are calculated at the output ports-€Hl and
CH2. The PER is defined as the ratio of the transmission efficiencies between the requested and unwanted
polarizations at an output channel in dB scale. The PER values at each output channel are calculated by the
following relation:

PER CH# = 1 Ologl() (Trcqucstcd /T unwamcd) (1)

where, Trequested cOrresponds to the transmission of the desired polarization state whergas the Tunwantea defines the
transmission of unwanted polarization state at an output port. In this case, to calculate the PERcH1, Trequested 18
determined as the transmittance of the TE polarization and Tunwanted describes the transmj&ance of the TM mode
at CH1 port. Figure 3(e) shows the PER efficiencies at CH1 port within incident. wavelengths 1.45 um—1.65 pm.
Similarly, figure 3(f) represents the extinction ratio curves for the four unit-cell compositions at CH2 port within
the same wavelength interval. In both graphs, PER curves were represented with different colors and dash styles
corresponding to specified unit-cell structures. As can be seen from the figure 3(e); extinction ratio curves at the
CHI1 ports of the PBS devices generated by C, group unit-cells (U2, U3 and U4) show almost identical
fluctuations to each other except for the U1 type PC unit-cell. The main reason of the low PERcu; performance
of the unit-cell Ul lies in the IFC shapes of the elliptically shaped air—hgles. The polarization separation at the
end of the structure is comparably low because the inclination of the TM polarization IFCs of the elliptical holes
is less than the other types of unit-cells {U2, U3, U4}. In this'case; high cross-talk occur between the channels
which is undesired and that causes corresponding PERcr1 value to decrease. On the other hand, for the other PC
unit-cell configurations, PERcw; is relatively high because of the higher inclination of the TM mode IFCs within
the interested wavelengths. Examining the PER calculations in figure 3(f), large difference in the PERcy; is not
observed in PERch2 case in comparison with elliptically shaped holes. Such stability in PERcx> may be
attributed to the fact that the slope reduction in the TM polarization IFCs has no effect on the TE transmission

efficiency at the CH2 output port.

N .
Table 1. Transmission and PER efficiencies at the proposed device’s output at operating
wavelength 4=1550‘nm for the PCs consisting of the given unit-cell compositions when

0-45°,
Univeetily, TIEEEST T(er, PERcn (@) PERain(dB)
Ul 92.8 % 303 % 74 19.6
v 92.8 % 711 % 239 238
U3 877 % 72.5% 255 215
U4 93.0% 73.9% 247 213

Table 1¢shows the transmission and PER performance values at A=1550 nm of the proposed device
composed of the {Ul, U2, U3, U4} PC unit-cells. As expected from the figures 3(e) and (f), the polarization
splitting performance in the unit-cell Ul case is at the lowest level because of the reduced TM transmission at
CH2 output port. On the other hand, the transmission efficiencies of PBS devices with the unit-cells U2, U3 and
U4 are calculated at the CH1 (CH2) output port and have the values over 85% (71%). Corresponding efficiencies
higher than the Ul case ensure that the PERcu1 and PERcu2 values are greater than 20 dB at both ports for the

Page 6 of 11
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cases of {U2, U3, U4} unit-cells so that an efficient polarization separation could be obtained at the output ports.
U3-type unit-cell is selected among the investigated PCs due to its polarization splitting performancerand the
fabrication feasibility: Sharp cornered structures such as U2 and U4 are difficult to realize since a high-
resolution nanofabrication process is required. On the other hand, fabricating the PC unit-cell of type U3, is more
feasible due to its rounded corners. Since low-symmetric unit-cells behave differently in spectral domain with
respect to their axial orientation angles, polarization separation performance of the selected U3-typesunit-cell
should be analyzed for each & rotation parameter to find the optimum case. Figure 4(a) shows corresponding
PERcH1 and PERc, efficiencies at operating wavelength 4=1550 nm (represented with the orange-square and
blue-circular markers, respectively) while rotating the PC unit-cells between the-angles of 0°/and 90° with 5°
steps. The schematics of PC unit-cells with certain 6 values are also given'as inséfs in the same figure. In
addition, structural dimensions of the air-hole are given in the schematic inset that corresponds to the 6=0°. As
can be deduced from the figure 4(a), corresponding PER values at both output ports give an almost sinusoidal
response with respect to the rotation angle of the PC air-hole. As can be seen from the plot, the inclination of the
frequency contours in TM polarization IFCs reaches its maximum value in, the vicinity of 8=45°. Therefore, the
rotation angles of the unit-cell holes are selected to be £<45° to obtain maximum polarization splitting
performance. Figures 4(b) and (c) show IFC distributions of the unit-cell U3 case for TM and TE polarization
states when the air-hole orientation equals to 8=45°, respectively. Comp;ing to the elliptical hole case in figure
1(e), inclination amount in the TM polarization IFC, lines of unit-cell U3 is greater, which shows the higher
performance of the unit-cell U3 over Ul case in Table 1: Figure 1(a) indicates that the PERcH; maintains its
value above 20 dB level for the rotation interval of 8=[35°-55°] and the PERcn» parameter stays beyond the 18
dB in the interval of 8=[40°-60°]. In accordance with these results, one can infer that the polarization separation
performance is considerably high for a wide rotation range. In this way, the proposed PBS device may still

operate at tolerable performance even possible angular orientation errors occur during the fabrication process.
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Figure 4. (a) The alteration of the polarization extinction ratios at A=1550 nm which corresponds to the different angular orientations (&=[0°-
90°]) of the rounded-rectangular hole. The extinction ratio values for output channels CH1 and CH2 are represented with orange-square and
blue-circular markers, respectively. Dimensions of the hole are presented in the inset which belongs to the £=0° case. (b) TM and (c) TE
polarization IFCs corresponding to the rounded-rectangular hole case when air-hole rotation equals to 6=45°.
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The PER efficiencies of the proposed PBS device were given at a single wavelength (1=1550 nm) so.far.
Nevertheless, the operational bandwidth is also an important factor for photonic applications. In the optical C-
band range (1530 nm — 1565 nm), PERcu; and PERcy, values of U3 unit-cell case are more than 20.7 dB and
17.96 dB, respectively. In addition, examining figures 3(e) and (f), it is observed that, other PC unit-cell
compositions except for Ul have almost the same performance in the optical C-band range. The operational
bandwidth that the device exhibits polarization separation ability is AA=59 nm, which corresponds, to the

normalized frequency interval a/A=[0.260 — 0.270] for the given lattice constant.

The intensity distributions of the proposed photonic device consisting of the unit-cell U3 are calculated at
the normalized frequency of A=1550 nm and the results are shown in figures 5(a) and (Qfor both TE and TM
polarization states, respectively. Compared with the PBS device consisting of elliptical air-holes (see figures 2(a)
and (b)), it is observed that the degree of polarization separation is higher for the,unit-cell’'lU3 case. As mentioned
earlier, this is due to the fact that inclination in the TM polarization IFCs of the elliptical air-holes is less than the
other unit-cell compositions. In order to analyze the exit points of the.both TE.and TM polarizations at the end of
the structure, vertical cross sections of the output beams are superimposed in figures 5(c) and (d), respectively,
for the wavelength interval of A=[1467 nm — 1643 nm]. In bothfigures, vertical intensity distributions that
correspond to the A=1550 nm are represented with the swhite-dashed lines. When the incident frequency is
increased, the tilting effect along —y axis in TM polarization is clearly seen in figure 5(d) whereas output beam

shifts toward +y direction in TE polarization, see figure.5(c).

Max

0 0.0 H 0
0.0 46.3 1643 1550 1467
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Figure 5. Spatialdintensity distributions of the PBS device consisting of unit-cell U3 for (a) TE and (b) TM polarizations at A=1550 nm. (c)
TE and (d) TM power densities at the vertical cross-section of exit interface of the PBS device for the wavelength interval A=[1467 nm —
1643 nm].

Itis important to discuss the controllability of the separation angle of polarized waves in the proposed
PBS configuration. The PBS approach proposed in this study is conceptually depends on extraordinary
dispersionycharacteristics of PC structures having unit-cells with 2-fold rotational symmetry. As mentioned
before, the main factor of the polarization splitting concept lies on the tilted and conventional self-collimation
phenomena. Here, tilted self-collimation phenomenon, which guides light to propagate inclined inside the
structure, is an inherent characteristic of C> symmetry group PCs. This property strongly depends on the angular

orientations of the low-symmetric unit-cells and emerges from the tilted dispersion lines in their IFCs.
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Obliqueness of the tilted self-collimated light propagating inside the structure can be controlled by tuning the
rotations of the 2-fold symmetric PC unit-cells. In order to demonstrate the orientation dependentsvertical
alterations at the exit position of the propagating waves, output cross-sectional intensity distributions at A=1550
nm are superimposed for PCs consisting of unit-cell U3, with respect to the unit-cell rotations for both.TM and
TE polarizations as shown in figures 6(a) and (b), respectively. As can be deduced from the intensity mapyin
figure 6(a), when the angular orientation of the unit-cell is increased, an inclination starts to show up in
dispersion contours of the TM polarization and exit position of the propagating light moves away from the initial
position and gets its maximum shift in the vicinity of 6=45°. Here, amount of thi$ inclination angle strongly
depends on the value of the unit-cell rotation and gets its maximum value when thewunit=cell is rotated by £=45°,
thus, maximum vertical shift at exit position appears. On the other hand, we know/that the TE polarization
dispersion contours are not affected much by the alterations in the unit-cell/orientation. Therefore, exit positions
of TE polarized waves are not affected much from the unit-cell rotation as showmnyin the figure 6(b). Thanks to
this property, unit-cell orientation dependency of the TM polarized light ean be exploited to control the TE/TM
separation angle in proposed PBS concept. By doing this, different PBS, devices can be designed to meet the
structural requirements of photonic applications. Furthermorej emerging performance decreases in the PER
values due to reduced separation angle can be compensated by. adjusting the device length to obtain larger

vertical distance between the output polarized beams.
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Figure 6. Vertical alterations in the/output positions of the (a) TM and (b) TE polarization light intensities at A=1550 nm at depending on the
unit-cell orientations in the interval of =[0°-45°].

4. Conclusion

In the presentéd study, therotationally dependent polarization splitting abilities of PC unit-cells having 2-
fold rotational symmetry are examined. It can be inferred from the investigation of the dispersion characteristics
for both TM and-TE polarizations that polarization splitting in C> symmetric PC unit-cells is an inherent optical
characteristic that'provides the design of high extinction ratio PBS devices. In order to compare the polarization
splitting_efficiencies of low-symmetric PCs, FDTD analyses are implemented for the proposed PBS devices
composed of C, type different PC unit-cells. Good polarization splitting performance is obtained by means of
tilted self-collimation effect for three PC unit-cell types {U2, U3, U4} with PER efficiencies over 20 dB for both
TM and TE polarizations, respectively, with operating bandwidth of 59 nm. Moreover, robustness of PBS design
is analyzed depending the possible fabrication errors in unit-cell rotations. Corresponding PER calculations
verify that high efficient PBS devices could be designed based on PCs with 2-fold symmetry in different

geometries.
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