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A novel single-cavity narrowband Fabry—Pérot (FP) polarizing filter at normal incidence, constructed from a sandwich
structure with sculptured anisotropic space layer and symmetric isotropic HR mirrors, is designed and prepared. The optical
performances of transmittance, phase shift, central wavelength, and bandwidth for two polarized states are analyzed with
the characteristic matrix. The numerical studies accord reasonably well with the experimental results. It is demonstrated
that the polarization state of the electromagnetic wave and phase shift can be modulated by employing an anisotropic space
layer in the polarizing beam splitter system. The birefringence of the anisotropic space layer provides a sophisticated phase
modulation by varying the incidence angles over a broad range to have a wide-angle phase shift.
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1. Introduction

A notch filter is one that highly transmits all the inci-
dent waves over a given transmission band and reflects other
wavelengths elsewhere. Owing to superior optical and me-
chanical properties, including efficient suppression of higher
frequency harmonics, higher laser-induced damage threshold,
smaller residual stress, higher scratch, and wear resistance,
the FP filter has received considerable attention for optical
components and applications such as tunable filters,!"-?! op-
tical interference filters,!>*! Bragg grating filters,>% rugate
filters,[”®! etc. In contrast to conventional all-dielectric op-
tical filters constructed from isotropic thin films, filters de-
signed with three-dimensional (3D) nanostructured sculptured
anisotropic thin films®! (ATFs) prepared via the glancing an-
gle deposition (GLAD) technique can perform better in ma-
nipulating the polarization state of electromagnetic waves be-
cause the ATF presents birefringence. This property is very
important for the development of polarization and phase com-
ponents for the miniaturization of integrated optical systems.

In this paper, because of a large bulk refractive index,
good mechanical and thermal stability, high static dielectric
constant, and excellent transparency at visible wavelengths,
we investigate the feasibility of employing a TiO, anisotropic
space layer with highly orientated microstructure composed
of slanted nanocolumns for a high-efficiency FP polarizing fil-
ter. The optical performances of the transmittance, phase shift,
central wavelength, and bandwidth for two polarized states are
theoretically analyzed with the characteristic matrix and ex-
perimentally characterized with spectrophotometry and scan-
ning electron microscopy. The results demonstrate that the
polarization state of electromagnetic wave and phase shift can
be modulated by selecting an appropriate birefringence of the
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ATF and incidence angle of the polarized wave. Birefringence
of the biaxial ATF provides a sophisticated phase modulation
by varying incidence angles over a broad range to have a wide-
angle phase shift.

2. Design of FP polarizing filter

The basic single-cavity narrowband FP polarizing filter
comprises quarter-wave isotropic layers of alternating high
and low refractive indices and half-wave biaxial anisotropic
space layer, denoted as H, L, and 2N, respectively. The stacked
formula layer structure is of substrate/(HL)>H 2N (HL)> H/air
and the phase thickness values of H, L, and N layers are all /2
at the central reference wavelength Ay = 632.8 nm. In our de-
sign, HfO, with ng = 1.921 and SiO, with n, = 1.451 are used
to construct the HR mirrors for the filter. A slanted columnar
TiO, ATF with the optical constants, including three principal
refractive indices n; = 1.709, n, = 1.659, n3 = 1.762, and the
column angle B = 39.36°,[!% is used as the space layer. The
incident medium and substrate are homogeneous, and they are
isotropic air and BK7 glass, respectively. The schematic dia-
gram of the filter is shown in Fig. 1.
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Fig. 1. Schematic plot of the single-cavity FP polarizing filter.
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For an isotropic all-dielectric FP filter designed as (HL)*
H 2N (HL)* H, the calculations of the phase shift for two
polarized states and the influence of the sample azimuth on
phase shift are well known. Compared with the isotropic lay-
ers of thin films, the treatment of the ATFs is quite compli-
cated mathematically. Even with 4x4 transmission matrices,
the characteristic parameters such as the directions of wave
vectors and rays, as well as the angles of refraction, could
not be clearly described when the wave propagates across and
through the GLAD-produced biaxial sculptured ATF in a gen-
eral way. Without loss of generality, we consider the deposi-
tion plane of a biaxial ATF to be consistent with the plane of
incidence, that is to say, the principal section coincides with
the principal plane. In this case, the propagations of TE and
TM waves are decoupled and the 4 x4 matrix breaks up into
two 2x2 matrixes. TE wave propagates in an ordinary manner
and independent of the propagation direction. By contrast, TM
wave propagates in an extraordinary manner. The forward-
and backward-propagating directions of wave vectors gener-
ally differ from those of rays in birefringent thin films, thus the
propagating directions of rays and wave vectors are not iden-
tical. Under the boundary continuity condition of Maxwell’s
equations, our previous study!' =131 has deduced the 2 x2 char-
acteristic matrices for the ordinary and extraordinary waves

and they are expressed as
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The characteristic matrix of the assembly can be given by
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where M is the combined characteristic matrix for ordinary
and/or extraordinary wave, B and C are the normalized elec-
tric and magnetic fields at the front interface and can be used
to determine the optical properties of thin films. The input op-
tical admittance of the assembly Y is defined by ¥ = C/B. This
result can be immediately extended to the general case of an
assembly of n anisotropic layers (multilayer) with the principal
section coincident with the principal plane. The characteristic
matrix of the assembly is simply the product of the individual
matrices taken in the correct order and shown as

B B 1
2] s 2] [

where M, is the characteristic matrix of the n-th layer, and the
characteristic matrixes are different from each other for the
two polarizations.

Just as for isotropic thin films, with the characteristic ma-
trix relationship between TE and TM waves given above, the
transmittance T, phase shift on transmission & and bandwidth

A of the assembly are yielded and expressed as!'#!
4
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where m denotes the interference order of filter and ng refers
to the refractive index of emergent medium. The polarization
dependence of an filter used at other than normal incidence re-
sults from Fresnel’s equations. The tilted optical admittance i
at an oblique angle of incidence can be shown to be equivalent
to the normally incident performance and represented by

Ny = ny - cos By, ML =np -cos 6L

for TE wave and

Ny =np/cosBy, 1N =ny/cos6

for TM wave.

3. Preparation and characterization of FP polar-
izing filter

On the basis of above theoretical analysis, we prepare a
single-cavity FP filter and experimentally demonstrate the fea-
sibility of achieving a narrowband FP polarizing filter at nor-
mal incidence by employing a biaxial anisotropic space layer
in the polarizing beam splitter system. The preparation de-
tails are similar to those in our previous work.!">! The spec-
trophotometry and scanning electron microscopy are used to
characterize the optical performances of transmittance spectra
and morphology of the filter. For better SEM observation, the
FP filter is coated with a thin layer of n-Si (100) to improve
conductivity. The cross-sectional SEM image observed by a
Zeiss Auriga Field Emission Crossbeam microscope is shown
in Fig. 2. The section of the sample is coincident with the
deposition plane, defined as that containing the direction of
column growth and substrate surface normal. As can be seen,
the symmetric periodic isotropic layers of alternating high and
low refractive indices and typical sculptured microstructures
with highly orientated slanted nanocolumns of the space layer
are observed and tend to be of optical anisotropic permittivity
of the filter. Furthermore, the self-shadowing effects and lim-

ited surface diffusion mobility of obliquely deposited atoms
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induce the space layer to grow with a highly porous colum-
nar structure that slants toward the vapor flux. Pores among
the nanocolumns are a significant characteristic of GLAD-
produced film and the porous structure inevitably influences
the optical properties for two polarized states of the filter.

Fig. 2. Cross-sectional SEM image of our prepared single-cavity polar-
izing filter.

4. Results and discussion

The transmittance and phase shift spectra of the filter, per-
formed in air from 600 nm to 660 nm at normal incidence for
two polarized states, are shown in Fig. 3. Owing to the applica-
tion of an anisotropic space layer in the filter, it yields different
phases for TE and TM waves, and the central wavelengths for
two polarizations are not overlapped, indicating that our de-
signed FP polarizing filter at normal incidence is experimen-
tally feasible. Numerical studies analyzed with the charac-
teristic matrix well confirm the experimental results obtained
by the Perkin—Elmer UV/VIS/NIR Lambda 1050 spectropho-
tometry. These findings are quite different from those obtained
from the all-dielectric filter constructed with isotropic media.
In addition, as for the single-cavity FP filter, the transmittance
and phase shift are nearly triangular, meanwhile, the central
wavelength of TE wave is longer than that of TM wave, and
the peak value of phase shift is about 137° at the central wave-
length.

Considering the triangular profiles of transmittance and
phase shift spectra for the single-cavity filter, and one half of
the energy transmitted that lies beyond the pass band, a de-
sign with two or more of the filters placed in series will be
obtained with an outstanding and more close rectangular per-
formance, furthermore, the attenuation outside the pass band is
greater than that of the single filter structure. For this reason,
we design a double-cavity FP polarizing filter with the stack
Substrate/(HL)H 2N (HL)> H L (HL)’H 2N (HL)> H/air and
numerically investigate the optical properties as well as the
angular-selective performances of the filter.['®! Figure 4 dis-
plays the transmittance and phase shift of the designed double-
cavity filter at normal incidence. As seen in Fig. 4, the pro-
files of transmittance for two polarized waves are nearly rect-
angular and ripples are exhibited in the transmission band at

the same time. In addition, the phase shift is about 284°
near the central wavelength, which is almost doubled com-
pared with that of single-cavity filter, indicating that the phase
shift is approximately proportional to the physical thickness of

anisotropic space layer.
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Fig. 3. (color online) Experimental results (squares) versus modeling
(solid lines) results of transmittance and phase shift for two polarized
states of the single-cavity filter. (The phase shifts are only given by the
theoretical results derived by the characteristic matrix).
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Fig. 4. (color online) Transmittances and phase shifts of the double-
cavity filter for two polarizations.

The dependences of transmittance and phase shift, central
wavelength, and bandwidth of the double-cavity filter on the
column direction of the anisotropic space layer for two polar-
ized states, are given in Figs. 5 and 6. For TE wave, because it
propagates in an ordinary fashion with the index of refraction
n3, the central wavelength is independent of the column angle
B. On the contrary, the TM wave is extraordinary, and the op-
tical performances of the filter depend on the principal refrac-
tive indices ny, ny, and column angle 3, thereby yielding the
variable central wavelengths at different column angles. With
the increase of column angle, the central wavelength shifts to-
wards shorter wavelengths (blue-shift). The peak and valley
central wavelengths are 629.6 nm and 625.2 nm for the col-
umn perpendicular and parallel to the interface of the film, re-
spectively. In addition, the bandwidths are independent of the
column angle for both TE and TM waves.
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Fig. 6. Dependences of the central wavelength and bandwidth of the
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Fig. 5. (color online) Transmittances and phase shifts of the double-cavity filter with different column angles at normal incidence.
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can be derived from Eq. (3): a higher ratio value of tilted opti-
cal admittances 1 /1y gives a broader band and a higher level

of rejection in the stop band for a given number of periods.
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Fig. 7. (color online) Transmittances and phase shifts of the double-cavity filter at different incidence angles.
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With the increase of incidence angle, the ratio of tilted op-
tical admittances 7, /Ny increases for the TM wave, result-
ing in an increase of bandwidth. By contrast, the reversed
trend can be obtained for the TE wave. Furthermore, an ob-
vious modulation of the phase shift in the pass band is ob-
served and the peak modulation depth varies from 287.5° at
the incidence angle of 15° to 312.5° at the incidence angle of
75°. When the incidence angle increases to 80°, the trans-
mission spectra of the filter are distorted severely for both TE
and TM waves. In parallel, the central wavelength shifts to-
wards shorter wavelengths for both two polarizations, and the
bandwidth increases from 5.2 nm to 16.6 nm for the TM wave,
whereas it decreases from 5.2 nm to 1.4 nm for the TE wave.
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Fig. 8. Incidence angular performances of the central wavelength and
bandwidth of the filter.

5. Conclusion

In the present paper, we proposed a new FP narrow-
band polarizing filter at normal incidence consisting of sculp-
tured anisotropic space layer and symmetric isotropic HR
mirrors and investigate the feasibility of achieving this high-
efficiency filter by employing a TiO, anisotropic space layer
with highly orientated sculptured microstructure composed of
slanted nanocolumns in the polarizing beam splitter system.
In contrast to a conventional all-dielectric optical filter that is
constructed from isotropic layers of thin films, our designed
filters can perform better in manipulating the polarization state
of electromagnetic waves and phase shift because the ATF
presents birefringence. Numerical studies well confirm the ex-
perimental results of the designed structure, thereby validating
the model established for this kind of GLAD-produced film as

well as the greater generality and superiority of characteris-
tic matrix. Some slight deviations and drifts are mainly at-
tributed to the idealized optical model and nanostructure con-
finement effects, which can affect the polarization of the ATF.
In addition, the non-uniformity of our prepared tilted colum-
nar TiO, ATF caused by the self-shadowing effect and the
limited mobility of the deposited atoms would play a role
in determining the optical properties of film interfaces and
may form some space non-uniform refractive index distribu-
tion, and the spectral performance changes produced by non-
uniformity are very sensitive to the incidence angle, wave-
length, and polarization.!'”! In this work it is demonstrated
that the birefringence of the biaxial ATF provides a sophis-
ticated phase modulation by varying incidence angles over a
broad range to have a wide-angle phase shift. Furthermore,
this structure can be easily used in integrated optics and we
expect the design of more flexible optical components to be-

gin in a range of anisotropic coatings.
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