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Arbitrary Polarization Conversion by the Photonic
Band Gap of the One-Dimensional Photonic Crystal

Minjia Zheng “, Jiajun Wang™, Xingqi Zhao, Tongyu Li™, Xiaohan Liu, and Lei Shi

Abstract— We demonstrate that an all-dielectric one-
dimensional photonic crystal (IDPC) serves as an effective
tool for arbitrary polarization conversion. Within the photonic
band gaps (PBGs) of the 1DPC, perfect total reflection can
be achieved. Under oblique incidence, the trends of reflection
phase changes for p- and s-polarization within the PBGs are
different. As the incident angle increases, the range of phase
difference between p- and s-components gradually expands to
(0, 2r). When light is incident with a specific polarization state,
the phase difference between the p- and s-components leads
to the polarization conversion of the reflected light within the
PBGs. By changing the polarization direction of the incident
light, arbitrary polarization state conversion covering the full
Poincaré sphere can be achieved. The efficiency of this conversion
can reach 100% due to the perfect reflection within the PBGs
and the non-absorptive nature of the all-dielectric 1DPC.

Index Terms— Photonic crystals, one-dimensional photonic
crystals, polarization conversion.

I. INTRODUCTION

OLARIZATION is one of the intrinsic properties of trans-

verse waves, especially electro-magnetic waves. Polarized
light is crucial in diverse applications, such as optical com-
munications, polarization imaging and nonlinear optics [1],
[2], [3], [4], [5]. Conventional approaches to polarization
modulation involve leveraging the birefringence properties
of crystalline materials to introduce a phase delay between
orthogonal polarization components of light [6]. Recently,
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Fig. 1. Schematic of a 1DPC for arbitrary polarization state conversion.

The 1DPC consists of N periods of two kinds of materials A and B with
different refraction indices. There are two types of unit cells of the 1DPC
and they can be configured as (AB) or (BA). When a linearly polarized light
obliquely incident on the 1DPC, the polarization state of the reflected light
will be converted to arbitrarily polarized by the 1DPC.

great interests has been aroused in developing polarization
control by using artificial micro/nano structures. Arbitrary
polarization state conversion is achieved by the design of a
variety of optical structures such as metasurfaces and pho-
tonic crystal slabs [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16]. Local resonances supported by metasurfaces can
perform polarization-anisotropic phase and amplitude modu-
lations, hence various polarization conversion can be realized
by designing metasurfaces with different structural parameters
[71, [8], [9], [10], [11]. For the structure of photonic crystal
slabs, the arbitrary polarization control is strongly related to
the guided resonance of band structures. For example, the
complete polarization conversion between linear polarizations
can be realized [12], [13], [14]. Besides photonic bands,
photonic band gaps (PBGs) also show the powerful ability
of light field modulations, though their ability of polarization
modulations has not been sufficient studied yet.

A one-dimensional photonic crystal (IDPC) is constructed
by periodically alternating layers of materials with different
refractive index. The structure of a 1DPC is shown in Fig. 1,
consisting of two materials of A and B. The resulting periodic
variation in the refractive index can lead to the creation of
one-dimensional PBGs, which prevents the light’s propagation
[17]. The topological phases and edge states were found in
1D systems which are applicable of designing systems with
interface states [18], [19]. Special material design can extend
the applications of the total reflection PBGs to a wider range
of incident angles [20], [21]. Though, applications using the
reflection phase within the PBGs still deserve discovering.
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Fig. 2. (a) Reflection spectra of the designed 1DPC. The PBG is shown
between the solid and dashed lines. The PBG for s-pol. (orange lines) is
broadened, while the one for p-pol. (blue lines) narrows with respect to 6.
The red line represents the case of normal incidence. Reflection phase spectra
of the 1DPC with the unit cell of (b) (AB) and (c) (BA) are also shown. The
edges of the PBG are also annotated in (b) and (c). For p-pol., the range of
phase values within the PBG gradually narrows around 0 with the unit cell
of (AB) while the range widens with the unit cell of (BA). For p-pol., the
range of phase values within the PBG gradually widens around O(or 27r) with
the unit cell of (AB) while the range narrows with the unit cell of (BA).

In this Letter, we introduce a new approach based on
an all-dielectric 1DPC for arbitrary polarization conversion.
The PBG can be characterized as the perfect reflection, and
its modulation of light can be divided into two orthogonal
components which are considered as p- and s-polarization (p-
and s-pol.). The PBGs under p- and s-polarized incidence show
differences when the incidence is not normal. When oblique
incidence is considered, due to the continuity of the electric
field at boundaries of different media, there will be a phase
difference between the reflected light for p- and s-pol. compo-
nents. When an polarized light obliquely incident on the 1DPC
within its PBG, it can modulate the phase differences of p-
and s-components separately and the polarization state of the
reflected light can be altered. This conversion can encompass
a single trajectory of the Poincaré sphere. With changing the
linear polarization direction of the incident light, the IDPC can
work as a full Poincaré sphere converter. Due to the perfect
reflection within the PBGs and the non-absorptive nature of
an all-dielectric 1DPC, the efficiency of this conversion can
reach 100%.

II. METHODS

The polarization state conversion can be implemented by
an optical structure of 1DPC. We consider a 1DPC structure
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as is shown in Fig. 1. The structure consists of a periodic
arrangement with two kinds of dielectric materials, denoted
as A and B, each possessing different refraction indices,
represented as n 4 and np. The refractive indices of the external
medium and the substrate are represented as ng and ng. In
this Letter, we present ngy = 1.45, np = 2.1, nop = 1 and
ng = 1.52 while the thickness of the two layers are d4 =
289.7 nm and dp = 200 nm, respectively. Our 1DPC structure
is designed for N = 30 periods of unit cells. Here, we consider
two types of unit cells, which are (AB) and (BA).

By using the transfer matrix method, the reflection and
phase spectra of the IDPC structure of (AB)3° for both p- and
s-pol. are depicted in Fig. 2. The band structure of a 1DPC
consists of two wavelength regions: one is the total reflection
region, namely the PBG region(between the solid and dashed
lines), and the other is the non-total reflection region, which is
the photonic band region. The edges of the PBG are depicted
by blue and orange lines for p- and s-pol., respectively. When
6 = 0, the reflectance for both s- and p-pol. are equivalent
in the PBG. As the incident angle increases, the PBG for
s-pol. is broadened, while the PBG for p-pol. narrows, which
is attributed to Brewster effect.

The phase spectra of the 1DPC are depicted in
Fig. 2(b) and (c) for both types of unit cells which are (AB)
and (BA). As is shown in Fig. 2(b), when 6 is degree, the
phase distributions of p- and s-pol. are the same for the unit
cell of (AB). As 0 increases, for p-pol., the range of phase
values within the PBG gradually narrows around O(or 2m)
while for s-polarzation, the range widens to cover a 2w range.
On the contrary, in Fig. 2c, as 6 increases, for p-pol., the
range of phase values within the PBG gradually widens while
for s-pol., the range narrows around 7.

Furthermore, in Fig. 3, we show the reflection phase at the
PBG’s upper and lower edge of 1DPC for both p- and s-pol.
Since the PBG is broadened for s-pol. with respect to 6, the
PBG is only considered where the total reflectance is exhibited
for both p- and s-pol. at the same 6 and A. In Fig. 3(a), for
the unit cell of (AB), the difference of reflection phase at
the upper and lower edges of the PBG for p-pol., denoted
as ¢p edge, decreases from a specific value to O, while the
difference for s-pol., denoted as ¢ edge, €ventually increases to
an approximate value of 27 as 6 increases. Because the PBG
for p-pol. is narrower than the one for s-pol., ¢y edee is slightly
smaller than 27 for the unit cell of (AB). In Fig. 3(b), for the
unit cell of (BA), ¢ edge decreases to 0 while ¢, edge increases
to 27r. For this type of unit cell, ¢p edge in overlapped PBGs
for both p- and s-pol. can reach 27. Based on this, to achieve
arbitrary polarization conversion, we employ the 1DPC with
a unit cell of (BA) into this work.

Here, to give an example, we consider the polarization
conversion under the condition of linearly polarized incidence.
We apply Jones vector to describe the incident light E; and it
can be written as

1
Ei=——— (‘?E”) ()
JIEpR +1E P A5

where E, and E; are the electric fields in the p- and
s- directions, respectively. The Jones matrix J, which describes
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Fig. 3. Reflection phase of the designed 1DPC at the upper and lower edges
of the PBG with respect to 6 for the unit cell of (a) (AB) and (b) (BA). Blue
area shows the phase range for p-pol. while orange area shows the range
for s-pol. (a) For the unit cell of (AB), ¢p edge decreases to 0 and ¢ edge
increases to approximately 27 and for the unit cell of (BA), ¢ edge increases
to 277 and ¢y edge decreases to 0 with respect to 6. Blue lines in the orange
area shows the reflection phase for s-pol. but at the PBG edges for p-pol.
For arbitrary polarization conversion, blue lines are considered because the
optical parameters remains unchanged with single incidence and the presence
of PBG is mandatory for both p- and s-pol.

the polarization modulation by the 1DPC, can be expressed as

J= (rpp ’pS) . )
Fsp Tss

Because every plane across the normal line (black dashed line
in Fig. 1) is the mirror plane of the 1DPC and the p- and
s-components are orthogonal, 1DPC has no ability to convert
the polarization direction of p- and s-polarized light, i.e., 7y =
rsp = 0. An all-electric 1DPC is lossless and in its PBGs, total
reflection occurs, which also means |r,,| = |rss| = 1. 1y can
be replaced by r ), -exp(—j¢), where ¢ is the reflection phase
difference between the p- and s-components. So, the Jones
vector of the reflected light E, can be expressed as

0 1 E
om0 ()
bp |Ep|? + |Es|> \7°

3)

For instance, r,, = exp(—j¢,) and an incident light with
45-degree polarization direction (Ey = E ) is considered, the
above equation can be further calculated to obtain

1 1
E=7 (exp(—j¢>) ' @

When ¢ = 0, the reflected light is also linearly polarized. And
when ¢ = /2 or ¢ = —m /2, the reflected light is right- or
left-handed circularly polarized. As is discussed before, for a
1DPC with the unit cell of (BA), ¢ is within the range of
(—m, m). Consequently, within the PBG, 1DPC can provide
the capability to achieve polarization state conversion from

Fig. 4. Schematic of Poincaré sphere of the polarization conversion by a
1DPC with the unit cell of (BA). Any linearly polarized light (the circle
where black dots are located) can be separated by p- and s-components. For
instance, when a -45-degree linearly polarized light obliquely incident on the
1DPC, the reflected light will have a phase difference ¢ between p- and s-pol.,
which leads to the conversion of the polarization state (green arrow). Within
the PBG, this conversion can encompass any point on the circle passing the
black dot and has S; as its axis. When the linear polarization direction of
the light varies, the circle also passes through the black dot representing the
incident polarization and has Sy as its axis.

linear to any other polarization covering from the left- to right-
handed circular.

Furthermore, to illustrate such phase state conversion by a
1DPC more vividly, we can map these polarization states onto
the Poincaré sphere using the Stokes parameters, as shown
in Fig. 4. Here, the corresponding Stokes parameters can
be defined as Sy = |E|? + |Epl%, S1 = |Es|* — |Epl%
S» =2|EgE,|cos¢ and S3 = 2|EgE )| sin¢. The polarization
state can be described by normalized Stokes parameters S =
(g—é, g—é, g—;). In Fig. 4, the polarization conversion process is
visually depicted on the surface of Poincaré sphere. We have
demonstrated that for the incidence of a 45-degree linearly
polarized light, where S = (0, &1, 0), the polarization state of
reflected light can be converted to circular or elliptical in the
PBG and this conversion can be mapped onto the circle passing
the four poles where S3 = +1 and S, = =£1. Moreover,
for any polarization state on this trajectory, it is feasible to
decompose it into p- and s-components, when the polarized
light is obliquely incident upon the 1DPC, the range of the
phase difference ¢ between p- and s- components remains to
be (—m, ). This means that when the polarization state of the
incident light is positioned anywhere along this trajectory, the
one of the reflected light can also reach any point on the same
circle. From the perspective of geometric phase, p- and s-pol.
can be treated as two orthogonal eigen-polarizations. If these
two polarization states are considered as the north and south
poles of the Poincaré sphere, the IDPC can achieve arbitrary
polarization conversions along the same latitude [22], [23].
When the light is normally incident onto the 1DPC where
the p- and s-pol. cannot be well defined, IDPC shows no
capability of arbitrary polarization state conversion.
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To give an example, the polarization conversion is depicted
in Fig. 4 (green arrow) which is between two polarization
states expressed as S = (0, —1,0) and S = (0, O, 1). Here, the
ellipticity and azimuth of the initial polarization state of the
incident light are 0 and —m /4, respectively. The polarization
conversion can be induced by the 7 /2 reflection phase differ-
ence between p- and s-pol. Since this phase difference within
the PBG of the 1DPC can cover the range from O to 277, we can
fix the incident wavelength and polarization, and adjust 6 to a
suitable value, ensuring that the reflection phase difference are
precisely equal to /2. The polarization state of the reflected
light will be converted to S = (0, 0, 1). Here, the ellipticity of
the polarization of the signal is /4 and the azimuth of it is
cannot be defined at that point. This operation will change
the ellipticity of the incident light. In Fig. 4, some other
trajectories representing the polarization conversion are also
depicted. To achieve more conversion, we can simply control
the polarization direction of linear polarized incident light,
which means changing the ratio of E, to E, in Eq. (3). For
the incidence of these linear polarization states whose S; com-
ponents are fixed, the reflected polarization states can reach
any point on the trajectories where S components remain
to be unchanged. Consequently, for any polarization state of
the incident light, 1DPC can provide arbitrary polarization
state conversion covering the full Poincaré sphere within its
PBG.

III. CONCLUSION

To conclude, we found that the reflection phase difference
of the 1DPC within its PBG between p- and s-pol. The phase
difference covers the range of (—m, 7) for the unit cell of
(BA) where np > n4. For any polarized incident light,
1DPC shows the ability to convert the polarization state of
the reflected light. This conversion moves along the trajectory
where S; component is fixed. By changing the polarization
direction of the incident light, the polarization conversion
by the 1DPC can cover the full Poincaré sphere within its
PBG. Due to the perfect reflection within the PBG of an
all-dielectric 1DPC, this lossless structure makes the effi-
ciency of this polarization conversion to 100%. This approach
merely requires media with different refractive indices. It is
a straightforward design that can be employed in the creation
of optical components to meet specific polarization conversion
requirements.
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