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A novel optimal design of sub-wavelength metal rectangular gratings for the polarizing beam splitter (PBS) is

proposed. The method is based on effective medium theory and the method of designing single layer antireflection

coating. The polarization performance of PBS is discussed by rigorous couple-wave analysis (RCWA) method at a

wavelength of 1550 nm. The result shows that sub-wavelength metal rectangular grating is characterized by a high

reflectivity, like metal films for TE polarization, and high transmissivity, like dielectric films for TM polarization. The

optimal design accords well with the results simulated by RCWA method.
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1. Introduction

Polarizing beam splitters (PBS)

information process-

are essen-
tial components in optical
ing systems, such as optical fibre communication,
magneto-optic data storage, polarization detection
and analysis, polarization-based wave modulators,
and polarization-based imaging systems, all of which
require the PBS to provide a high extinction ra-
tio over a wide angular bandwidth with maintain-
Con-

ventional PBS with using either natural crystal bire-

ing high efficiency and compactness in size.

fringence or polarization-sensitive multilayer struc-
ture, is usually cumbersome or sensitive to angu-
lar change, and therefore it does not fully meet
those requirements. In recent years, PBS with using
sub-wavelength metal rectangular gratings has been
proposed.'=7 Zhang et al demonstrated and fabri-
cated a metal wire sub-wavelength grating PBS at a
wavelength of 1550 nm.[*7) In addition, they applied
the effective medium theory (EMT)28! to initial de-
sign and rigorous couple-wave analysis (RCWA)[©:10]
in order to optimize the PBS, and the designed PBS
has a uniform performance in a wide angle range of
+25°.2] The development of sub-wavelength metal
rectangular grating PBS is an important step towards
the miniaturization and the integration of bulky op-

tical systems, which are still mostly based on the as-
sembly of discrete optical devices.

Sub-wavelength metal rectangular gratings usu-
ally behave as slabs of artificial uniaxial material with
optical axes parallel to the direction of periodicity, and
the indices of refraction depend on the geometry of the
grating.® It has been shown that when the period A of
a periodic layered structure is sufficiently small com-
pared with the wavelength A (A < ), the whole grat-
ing layered structure behaves as if it were a homoge-
neous and uniaxial birefringent medium, which can be
described by a set of effective indices of refraction.!*%
The effective refractive indices of the grating depend
on the polarization and the relative filling factor of ma-
terials that constitute the periodic layered medium.™!]
Scalar diffraction theory is not applicable to the cases
of sub-wavelength structures, and thus either rigor-
ous electromagnetic grating analysis tools, or EMT
should be used, the later is more efficient (by orders of
magnitude) in computation than rigorous electromag-
netic grating analysis approaches.'>13] As the sub-
wavelength gratings can be treat as uniform uniaxial
crystal films, EMT along with single layer antireflec-
tion coating!'¥ can be used to make an optimal design
of sub-wavelength metal rectangular gratings PBS. In
the present paper, we use the method of EMT and
the single layer antireflection coating to design a sub-
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wavelength metal rectangular grating PBS optimized
for a wavelength of 1550 nm. The polarization perfor-
mance of sub-wavelength metal rectangular gratings
is discussed by RCWA method.

2. Modal analysis of sub-wave-
length metal rectangular grat-
ings

The problem of general sub-wavelength metal
rectangular grating diffraction is depicted in Fig.1. A
plane wave with free-space wavelength A is incident
on the grating surface at incident angle 6. The main
objective of diffraction grating analysis is to deter-
mine the complex amplitudes of the plane wave spec-
trum diffracted by a grating under plane wave irra-
diation. The method to determine the complex am-
plitudes of the diffracted orders depends on the ra-
tio of free space wavelength to grating period, \/A.
In the sub-wavelength domain, where A < A, it is
possible to use the EMT approach to represent sub-
wavelength grating for both analysis and design. The
sub-wavelength periodic structure behaves as a uni-
axial crystal with the optical axes parallel and per-
pendicular to the grooves. When the grating period
is Ayn = A/ng, the Rayleigh-Wood anomalies will
occur.!'¥ When the incident wavelength A = 1550 nm,
ny = 1.45 (fused-silica), we obtain Rayleigh-Wood
anomaly period Ay, = 1069 nm. If the grating period
A is less than 1069 nm, i.e. A < 1069 nm, for the
diffraction grating, only zero-order diffraction is prop-
agating order; if the grating period is A > 1069 nm,
the +1 order and above will also be gradually carried
into the propagating orders.

A
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Fig.1. Geometry of the sub-wavelength metal rectangular
grating PBS, which cuts off all diffracted orders, leaving
only the zero orders with complex amplitudes Ry (TE po-
larization) and Tp (TM polarization) to propagate.

3. Optimal design of sub-wave-
length metal rectangular grat-
ing PBS

When an electromagnetic wave is incident on
metal surface, free electrons on the metal will be ex-
cited by the electric field and the excited electrons
will provide electromagnetic field oscillating at certain
frequency. Different polarization directions of elec-
tromagnetic wave make electrons oscillate in different
directions, resulting in different transmissivity. In re-
ality, sub-wavelength metal grating is only discontin-
uous with respect to the perpendicular electric field
(TM polarization); therefore currents can still freely
move vertically along the strips when induced by the
parallel field (TE polarization). A plane wave polar-
ized in the direction parallel to the metal wires will
exhibit high reflection because the electric field con-
tinues along the grating wires, and most of the light
polarized in the direction perpendicular to the wires
is transmitted.!'>1% For sub-wavelength gratings, the
grating periods are much smaller than the wavelength
of incident light, birefringence will occur, because the
effective indices exhibited in these structures are dif-
ferent from the TE polarization and TM polarization
incidences. The values of the effective indices n)| and
n, for TE and TM polarization incidences can be cal-
culated by EMT. According to EMT, TE polarization
vector parallel to the grating lines can be treated as
ordinary waves, and TM polarization vector perpen-
dicular to the grating groove can be treated as extraor-
dinary waves. The effective refractive indices for the
parallel and the perpendicular polarizations are given
by!28]

n =4/ fni+ (1 - finZ, (1)

, (2)

n, = !
Vet (L fing?

where f is the filling factor (defined as the ratio of
ridge width to period A), n, is the refractive index
of grating ridge, and ng is the refractive index of the
grating groove. From expressions (1) and (2) we can
see that by adjusting the filling factor any effective
refractive index on grating layer can be obtained.

For sub-wavelength metal rectangular gratings,
the grating ridges are metal layers which have a com-
plex index of refraction n, with a real part n] and an
imaginary part k.. Inserting metal complex index into

expressions (1) and (2), we can obtain the effective
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refractive indices of TE polarization and TM polar-
ization. Optical properties of the device depicted in
Fig.1 are revealed by calculating the effective refrac-
tive indices of the grating layer (Al) with an incident
wavelength of 1550 nm. Figure 2 shows the calcu-
lated effective indices n| and n,, each as a function
of filling factor. For the TE polarization, the effective
index n| has a large imaginary part kl’ |» SO the grat-
ing layer can be equivalent to a metal film with high
reflectivity. For the TM polarization, the imaginary
part &, of n, is kept mostly near zero as shown in
Fig.2. In this case, the gratings act as a dielectric film
with a small transmission loss. Any desired effective
refractive index of sub-wavelength metal rectangular
gratings can be produced by changing the filling fac-
tor, which makes possible the design of an artificial
layer of anisotropic material with effective refractive
index over a wide range of values between those of the
grating groove and grating ridge materials.
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Fig.2. Calculated real and imaginary parts of the effective
indices of refraction versus filling factor for n, = 1.44+4 161
(Al at A = 1550 nm): n)| = nh + k| i electric field par-
allel to the grating lines; ny = n'| 4+ & i electric field
perpendicular to the grating lines.

The goal of designing a polarization selective de-
vice is to maximize the reflected efficiency for TE po-
larization while at the same time to minimize the
reflected efficiency for TM polarization. According
to the method of designing single layer antireflection
coating,['¥ the films have the maximium transmis-
sion efficiencies at of normal incidence angle, when the
coating refractive index is equivalent to the effective
refractive index of grating layer for TM polarization,
namely n = \/ning, where n; and ny are the refrac-
tive index of cover and substrate regions, respectively,
and at the same time satisfies the optical grating layer
thickness as given by

nh = \/4, (3)

where h is the thickness of coating, which is equiva-
lent to the grating groove depth. For A = 1550 nm,
ny = 1.0 and ny = 1.45, from n = ,/niny, the re-
quired coating refractive index n can be calculated to
be 1.2, i.e. n = 1.2. According to expression 3), the
thickness of grating groove depth A can be obtained to
be 322 nm, i.e. h =322 nm. When n/, =n = 1.2, the
filling factor is f ~ 0.3 as shown in Fig.3, where the
maximium TM polarization transmission efficiencies
can be obtained. In addition, in order to obtain stable
diffraction efficiencies, the grating period must be con-
sistent with the conditions of sub-wavelength (A4 < \).
The grating period is taken to be A = 150 nm for
the incident wavelength 1550 nm. The optimal de-
sign parameters of aluminum metal sub-wavelength
metal rectangular gratings PBS are A = 150 nm,
h =322 nm, and f =0.3.

4. Numerical analysis

Polarizing beam splitter usually requires large ac-
ceptable angle wide spectrum, high extinction ratio,
and low insertion loss for both reflection and trans-
mission waves.[!3] The polarization properties of PBS
based on sub-wavelength metal rectangular gratings
are analysed by the RCWA method at a wavelength
of 1550 nm. By calculating the grating transmission
efficiencies (Tie, Ttm) and reflectivity efficiencies (Rye,
Rim) of TE polarized and TM polarized fields, we can
calculate the following parameters: transmission ex-
tinction ratio Texy = 101g(Tim/Tte), reflection extine-
tion ratio Rext = 101g(Rie/Rim), transmission inser-
tion loss Tjess = 101g(1/T4m) and reflecting insertion
loss Rjoss = 101g(1/Rye).

For optimal grating parameters, the curves for
diffraction properties of order 0 versus incident an-
gle for the orthogonal directions of polarization (TE
and TM) are shown in Fig.3. When the incident an-
gle 6 is less than 28°, zero-order diffraction efficien-
cies for TE reflection and TM transmission can be
greater than 96.3% and 97.5% respectively, as shown
in Fig.3(a), while at the same time the TE transmis-
sion and TM reflection are both close to zero. Extinc-
tion ratios are better than 64 dB and 25 dB for trans-
mission and reflection waves, and insertion losses are
less than 0.13 dB and 0.16 dB as shown in Figs.3(b)
and 3(c) respectively. It is shown that PBS can keep
high diffraction efficiencies at incident angles in a wide

range.
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Fig.3. Dependences of diffraction properties of sub-wavelength metal rectangular gratings on incidence angle for both
orthogonal polarizations (TE and TM). The grating filling factor is f = 0.3, the grating period is 150 nm, the grating
depth is 322 nm, the incident wavelength is A = 1550 nm. Panel (a) shows 0-th order diffraction efficiencies, panel (b)

displays extinction ratio, and panel (c) exhibits insert loss.

The curves for zero-order diffraction efficiency
versus grating period for both orthogonal polariza-
tions are shown in Fig.4. The diffraction efficiencies
keep relatively stable in the area of sub-wavelength
regions (A < 200 nm).
ing period, the diffraction grating enters into rela-

With the increase of grat-

tively unstable resonance domain, and the zero-order
diffraction efficiencies shows drastic fluctuations as
shown in Fig.4. When the period A is 1069 nm, i.e.
A = 1069 nm, the diffraction efficiencies can suddenly
change, which is the Rayleigh anomaly. The result of
Rayeigh anomaly period simulated by RCWA method
is just the same as the previous result.
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Fig.4. Curves for zero-order diffraction efficiency versus
The
grating filling factor is f = 0.3, the grating depth is

grating period for both orthogonal polarizations.

h = 322 nm, and the incident wavelength is A = 1550 nm.

Figure 5 shows the effects of grating depth h
on polarization-dependent transmittance for both or-
thogonal polarizations. As can be seen, for TE polar-
ization, reflection for radiation polarized in the direc-
tion parallel to the grating lines increases exponen-

tially with film thickness h. However, for the TM po-
larization, the effective refractive index of the grating
layer has very small imaginary part £/ , and the film
is only slightly metallic, the transmission for radiation
polarized in the direction perpendicular to the grating
lines is kept at high diffraction efficiency with the film
thickness h. If the film is non-absorbing (k/, = 0) to
the TM polarization, the zero-order diffraction effi-
ciency of TM transmission will be a periodic function
of grating height h. The presence of small k' in n
reduces the amplitude of the successive maxima and
gives rise to a displacement of the maxima toward
smaller film thickness. When the groove depth is
h = 322 nm, grating layer behaves like a dielectric film
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Fig.5. Dependences of zero-order diffraction efficiency on
grating depth for both orthogonal polarizations. The grat-
ing filling factor is f = 0.3, the grating period is 150 nm,
and the incident wavelength is A = 1550 nm.

for TM-polarization and meets the optimal conditions

for transmission because of single layer antireflection
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coating. The TM polarization has a perfect zero-order
transmission efficiency (greater than 97.5%).

Figure 6 shows the curves for zero-order diffrac-
tion characteristic of the grating versus incident wave-
length, in which we have neglected the changes of re-
fractive index. The incident wavelength in a range
from 1200 to 1800 nm, i.e. 1200 nm< A < 1800 nm,
zero-order diffraction efficiencies for both TE reflec-

tion and TM transmission are greater than 96% as
shown in Fig.6(a). Extinction ratios are better than
61 dB and 23 dB for transmission and reflection waves
and insertion loss are both less than 0.16 dB as shown
in Figs.6(b) and 6(c), respectively. It is shown that
the sub-wavelength metal rectangular gratings have a
high polarization splitting capacity in a wide range of
the incident angle and incident wavelength.
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Fig.6. Dependences of diffraction characteristics of sub-wavelength metal rectangular gratings on incidence wavelength
for both orthogonal polarizations (TE and TM). The grating filling factor is f = 0.3, the grating period is 150 nm, the
grating depth is 322 nm, the incident wavelength is A = 1550 nm. Panel (a) is for 0-th order diffraction efficiencies,
panel (b) for extinction ratio, and panel (c) for insert loss.

5. Conclusions

In the present paper we show a unique method for designing a PBS composed of sub-wavelength metal

rectangular gratings, which is based on EMT and the method of designing single layer antireflection coating.

The polarization properties of gratings are analysed by the RCWA method at a wavelength of 1550 nm. The

results show that optimal design and the method of RCWA for PBS are in good agreement with each other.

Furthermore, it is shown that the PBS exhibits a high polarization extinction ratio and low insertion loss over

a wide incident angle range (—28° < 6 < 28°) for both the reflected and the transmitted beams.
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