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Abstract. A structure of polarization beam splitter based on a symmetrical metal-cladding waveguide (SMCW)
was demonstrated. The light beam energy can be coupled into the SMCW directly through free space without
additional coupler. By introducing anisotropic material into the guided layer, different excitation conditions
for transverse-electric and transverse-magnetic modes are obtained, which results in polarization-dependent

reflection. The propagation loss that is mainly caused by the metal absorption is <2 dB. © The Authors. Published
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1 Introduction

Polarization beam splitter (PBS) is a basic optical element
that can separate a light beam into two orthogonally polar-
ized beams. It has been widely used in optical systems, such
as magneto-optical data storage, free-space optical switch-
ing, image processing, and so on. In addition to the conven-
tional PBS, which relies on the inherent birefringence of
anisotropic materials, various other methods for PBS and
principles and structures have been proposed during the past
few years, such as binary blazed grating coupler,' embedded
metal-wire nanograting,> anisotropic metamaterial slab,*’
and coupled plasmonic waveguide arrays.® Several types
of PBS based on photonic crystals have also been
reported,”™'! which are based on the facts that the bandgaps
for transverse-electric (TE) and transverse-magnetic (TM)
polarization occur at different wavelength ranges and the
polarization-dependent dispersion properties of such pho-
tonic crystals. Each kind of structure, however, has a fixed
and relatively narrow wavelength range. Hence, finding
a new device to circumvent these limitations has become
an urgent issue.

Over the past decades, the symmetrical metal-cladding
waveguide (SMCW), which sustains the ultrahigh-order-
guided modes, has been intensively investigated. Ultrahigh-
order-guided modes in SMCW possess many fascinating
characteristics, such as small propagation constant, strong
modes density, and large Goos—Hinchen shift.!> Various
applications based on the SMCW have been proposed,
such as slow light,'*'* superprism spectrometers,'> and pre-
cise displacement detection.'®!” The free-space light beam
can be transferred into SMCW from the top metal surface
directly.'® For a high-quality factor sample, most of the
light energy can be coupled into the waveguide.

In this paper, we experimentally demonstrated a new
device to realize the same function of PBS based on a
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peculiar structure of SMCW. A single crystalline lithium nio-
bate (LN) slab was used as the guided layer. Owing to the
anisotropic property of the LN crystal, the TE and TM modes
have different resonance angles. When the incident angle of
the light meets the resonance angle, the high transmission is
obtained for one polarization, and the other polarization will
be largely reflected. Whilst the coupling layer of SMCW
radiative damping related to the permittivity of metal
which has been relationship with the incident light
frequency. So that radiative losses of SMCW are changed
by the different of incident light frequency. In SMCW,
the thickness of coupling layer can be designed by thermal
evaporation. We can design a performance thickness to
achieve a highly effectively coupled '® to an incident light
frequency, due to the coupled effective of incident light is
strongly dependent on the thickness of the top silver film.
This kind of PBS is suitable for a large wavelength range
by designed kinds of thickness, which make it more appli-
cative in optical information reflection.

2 Method and Waveguide Structure

Compared with the conventional all-dielectric optical wave-
guides, a thick SMCW possesses lots of fascinating optical
properties. The most important feature is the existence of
ultrahigh-order-guided modes. The order of guided modes
in a sub-mm SMCW can be much higher than 1000. Thus,
the polarization-dependent phase shift in total internal reflec-
tion at the dielectric/metal interface can be negligible.'” For
an optical waveguide consisting of a thick guided layer and
two metal-cladding layers, the reduced dispersion equation
for ultrahigh-order modes can be written as

kohV n* — N* = mur, €))

where kg = 2z /2 is the propagation constant in vacuum, %
and n are the thickness and the refractive index of the guided
layer, respectively. N = f3/k, is the effective refractive
index, where f is the propagation constant of guided modes,
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Fig. 1 (a) Schematic diagram of the SMCW, which contains three layers and a sliver stripe. (b) Principle

of the incident light beam transmission and reflection.

and m is the modes order. Expect for the high modes order,
another characteristic of ultrahigh-order modes in SMCW is
that the effective refractive index is extremely small, which
usually less than the refractive index of air.

In our experiment, the schematic diagram of the SMCW is
shown in Fig. 1(a). A 0.5-mm thick of LN crystal is used as
guided layer, and a thin silver film (about 40-nm thick) of
upper layer is used to couple the pump light into the wave-
guide. Another 300-nm thick silver film serves as the sub-
strate layer. In the middle part of the couple layer, an
additional thick (about 150-nm thick and 5-mm width) silver
stripe was fabricated to prevent light leakage. As shown in
Fig. 1(b), the left and right parts of the silver stripe are used
to excite and couple out the ultrahigh-order modes, the light
beam R is reflected by the metal-cladding layer and the light
beam R, is “reflected” after passing through the silver stripe.
According to the phase-matching principle, the out-coupling
angle of beam R, is the same as in-coupling angle, therefore
reflected beams R; and R, are in parallel with each other.

From Eq. (1), it is obvious that the SMCW is polarization
degenerated for an isotropic-guided medium. While for an
anisotropic-guided layer, SMCW becomes polarization-
dependent due to birefringence of the guided medium.
The optical axis of LN is along z direction, which means
that the SMCW in our experiment is a polarization-sensitive
device for the incident beam. When a light beam incidents
onto the coupling surface of the SMCW, an ultrahigh-order
mode will be excited under the phase-matching condition. As
shown in Fig. 2, we calculated the reflectivity spectral of the
ultrahigh-order modes for both TE and TM polarization
beams in the conditions of A = 680 nm, # = 0.5 mm, and
the thickness of the metal-cladding layer is near to 40 nm.
And Fig. 2 plots a calculated reflectivity of the SCMW,
which can be excited by the free spacing coupling technol-
ogy,!® since the effective index of the SCMW is less than
unit. When the phase-matching condition is fulfilled, energy
is transferred from the reflected light and coupled into the
guided layer; thus, a reflection dip is formed in the reflection
spectrum near the resonance angle, and the optical intensity
in the guided layer is greatly enhanced compared with the
incident light. The calculated reflectivity is simulated in
ATR V2.03 software by us. And the parameters of simulation
are the same as the experimental sample. The dielectric con-
stant of LiNbO5 and the silver are ¢y = 5.27, ¢, = 4.88, and
€xg = —22.14 +i0.51. The reflectivity for each polarization
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Fig. 2 Calculated reflectivity spectrum of the TE and TM modes with
respect to the incident angle.

strongly varies with the incident angle in the range of a
guided mode. We can also see that the coupling angles of
TE and TM modes are staggered from each other, which
give rise to different reflections and transmissions of such
different polarized modes. When the incident angle match
with mode resonance angle of TE polarization, the beam
energy of TE polarization will be efficiently coupled into
the waveguide and will be coupled out on the opposite
side of the silver stripper. At this condition, completely dif-
ferent with TE polarization, the beam energy of TM polari-
zation will be thoroughly reflected.

3 Experiment and Results

The schematic diagram of the experimental setup was shown
in Fig. 3. In the experiment, a solid-state laser (680 nm,
25 mW diode-pumped solid-state laser, Shanghai Optical
Engine Inc., Shanghai, China) was used. Two apertures with
diameters of 1 mm were inserted to confine the divergence of
the incident light. The polarizer was used to transform the
linear polarized light beam into the elliptical polarized
laser beam. Then, the incident beam passed through a hole
on the optical screen and incident on the thin silver film of
the SMCW. The SMCW was vertically located on a com-
puter controlled /20 goniometer that could adjust the inci-
dent angle precisely. Finally, the ultrahigh-order modes of
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Fig. 3 Configuration of the experimental setup.

the SMCW could be excited, and the reflected light was
tested by a polarization analyzer.

The experimental transmission spectra of TE and TM
polarization beams were measured and shown in Fig. 4(a).
The incident angle of the pump light ranged from 14.2 deg
to 15.45 deg, which was precisely adjusted by utilizing
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Fig. 4 (a) The experimental reflected light spectra of both TE and TM
polarization beams at the wavelength of 680 nm. (b) The experimental
reflected light spectra of elliptical polarization beam at the wavelength
of 680 nm.
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a rotation stage. When the angle satisfies the mode coupling
condition, the reflected light intensity of the light could be
measured by a photodetector. We could clearly see that
the intensity picks of the TE and TM modes were separated
with each other, which means that the waveguide could only
transmit TE or TM modes in the fixed incident angle. Then,
the reflected light spectra of elliptical polarization beam
were also measured as shown in Fig. 4(b). The intensity
picks were in good agreements with the picks that show in
Fig. 4(a). The reflected light picks of TE and TM modes
appear alternately with the incident angle changing.

4 Discussion

The coupling efficiency yu of the light beam is mainly deter-
mined by the thickness of the metal-cladding layer (silver
was used in our experiment). According to electromagnetic
field boundary conditions, the coupling efficiency u can be
expressed as

4Tm (%) Im(AB)
Im(£%) + Im(Ap")]2

" @

where Im($°) and Im(Ap") are intrinsic and radiative damp-
ing, respectively. When Im(4°) = Im(Ap"), the coupling
efficiency y = 1 and it also represents the matching condi-
tion coupling incident angles 6 for the excitation of the
guided modes due to Im(5°) and Im(ApF) are determined
by the dielectric constant of metal and incident angle.'” In
this paper, we consider the coupling efficiency y = 1 — R.
The R is reflective of light.

In order to reduce the reflective efficiency, we calculate
the coupling efficiency of both TE- and TM-polarized
light beams at the wavelength of 4 = 680 nm. We set the
incident angles at the coupling angle for the TE mode
(0, = 14.10 deg) and the TM mode (6, = 15.20 deg),
respectively. As shown in Fig. 5, the coupling efficiency
is observably altered with the thickness of metal-cladding
layer. When the thickness of the metal-cladding layer reaches
to 40 nm the coupling efficiency obtains the maximum value.
The coupling efficiency will dramatically decrease, for the
thickness of the coupling layer is too thick or too thin. In
the experiment, when the thickness of the metal-cladding
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Fig. 5 Calculated coupling efficiency of TE and TM polarization with
respect to the thickness of the metal-cladding layer.

layer near to 40 nm, the coupling efficiency of both TE and
TM polarization approach to 90%.

The metal absorption in optical frequency would be
an unavoidable problem; in fact, the loss could be greatly
reduced by extending the thickness of guided layer to sub-
mm or mm scale."* In our experiment, the thickness of the
guided layer is 0.5 mm and the propagation loss is <2 dB.

5 Conclusion

In summary, a novel structure of SMCW to achieve splitting
of TE and TM polarizations of the light beam was proposed.
Owing to the birefringence effect of the anisotropy material
using in the guided layer, polarization-dependent reflected
light could be obtained in such SMCW structure. When the
incident angle met with the resonance angle, large reflected
light of TE (TM) polarization was obtained, on the contrary,
TM (TE) polarization was highly reflected. Using SMCW
PBS, it is applicative for a wide wavelength range and
gets rid of the limitation of Brewster angle. Besides, the addi-
tional coupler was not needed in this structure, which makes
it flexible in design and application.
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