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Analysis of Polarization Interference-Type BPF Arrays for NIR
Spectroscopic Imaging Utilizing All-Dielectric
Planar Chiral Metamaterials
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Abstract—We investigated the potential application of planar chiral metamaterials (PCMs) to near
infrared wavelength ﬁlters for multispectral measurement through electromagnetic simulation. PCM
assumed here was a two-dimensional sub-wavelength surface grating on a high index ﬁlm with chiral
unit cells. The PCM exhibits optical activity (OA) for normally incident light at a ﬁnite wavelength
range. Thus, by sandwiching the PCM with a pair of linear polarizers, a polarization interference-type
BPF can be constructed. We focused on an all-dielectric PCM consisting of a silicon chiral layer and
a dielectric underclad layer on a silica substrate. Wavelength ﬁltering characteristics with diﬀerent
bandwidths have been veriﬁed for several underclad materials such as Si3 N4 , Al2 O3 , and Si.

1. INTRODUCTION
Near infrared spectroscopy (NIRS) can acquire both quantitative and qualitative information inside
the target objects by using the wavelength between 800 nm to 2500 nm. This method has been now
widely used in a number of industrial ﬁelds such as agriculture, food production, medical diagnosis,
pharmaceutical production, etc. [1]. The most signiﬁcant merit of NIRS is its non-destructive and
no-contact measuring ability. Promoted by the recent demands for imaging functionality, research and
development of a NIRS imaging system by combining a focal plane array such as InGaAs sensor and
a wavelength ﬁltering element [2] have been intensively conducted. Examples of the ﬁltering elements
are holographic gratings [3], liquid crystal [4] or acousto-optic tunable ﬁlters [4, 5], ﬁlter wheel [6], and
multispectral ﬁlter array (MFA) [7]. MFA is an assembly of miniature wavelength ﬁlters, spatially
arranged to ﬁt the pixels of the focal plane array. The merit of the MFA-type imaging spectrometer
is its simultaneous image acquisition capability. Pictures at multiple wavelengths can be captured at a
time. Therefore, it is most advantageous for the real-time monitoring of chemical reactions or outdoor
monitoring of agricultural products, where temporal motion or change of targets is unavoidable. To
date, various types of MFAs have been proposed as follows.
A.
B.
C.
D.

Fabry-Perot type multilayer ﬁlters [8].
Surface plasmon polariton resonance ﬁlters [9].
Guided-mode resonance ﬁlters [10].
Photonic crystal ﬁlters [11, 12].

Although a number of constructions have been demonstrated, they still have disadvantages as
well as advantages. For example, Type A has a ﬁne spectral resolution as well as good controllability
of bandwidth. However, it requires highly sophisticated production process. Type B consists of a
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metallic ﬁlm with a sub-wavelength array of holes, thus its production process is simple. However,
sharp wavelength selectivity and application to longer wavelengths are the challenges. Type C exhibits
good wavelength selectivity, but needs reﬂective conﬁguration. Type D has limited wavelength coverage
and requires specialized production process.
Wavelength selective ﬁlters can also be constructed by a polarization interferometer [13]. This
construction consists of a pair of linear polarizers sandwiching a birefringent plate. The wavelengthdependent retardation of the plate results in a wavelength selective transmittance of the interferometer.
The birefringent plate may be either linear phase plate (waveplate) or circular phase plate (polarization
rotator). It has been reported that a high index ﬁlm with chiral surface grating exhibited a giant circular
birefringence, i.e., optical activity (OA) [14]. This kind of structures has been called planar chiral
metamaterial (PCM) [15]. Intensive research on optimum grating patterns [16], utilization of metallic
ﬁlms [17], and extension of frequency ranges to THz regime [18] have been conducted. However, the
majority of the past research focused on how to enhance OA of individual PCM. Their application to
spectroscopic devices has not yet explored. The aim of this paper is to propose a PCM-based spectral
ﬁltering component, which is directly useful for multispectral imaging systems.
Generally, OA of PCM is dependent on wavelength. In most wavelengths OA is quite small, except
for a limited range where the OA may exceed 90 degrees. Therefore by utilizing such OA peak to the
polarization interferometer, a BPF characteristic will be realized. Because the peak wavelength of the
OA is a function of the grating period of the chiral pattern, we can arrange a MFA on a single substrate
by placing a number of small regions with diﬀerent grating periods. This is the center concept of the
multi-patterned BPF of this paper. Such a BPF array will be applicable to multispectral imaging
instruments. Fig. 1 shows a schematic view of a polarization interference type BPF array. For the
application to NIRS imaging, we need a transmission bandwidth of the order of a few nanometers to
several tens of nanometers at a center wavelength range between 1000 to 2000 nm. Actual design has
to meet this requirement by a proper choice of layer materials and dimensions.

Figure 1. Schematic construction of a multispectral imaging system utilizing the polarization
interference type band-pass ﬁlter array.
In the following sections we ﬁrst explain the basic structure and the method of numerical simulation.
Then, optical characteristics for various layer material and grating periods will be demonstrated. In
Ref. [19] it was shown that the underclad layer having intermediate refractive index helped widening
the OA bandwidth. Following their lines, in this paper we also investigated the eﬀect of such underclad
to search practically useful BPF constructions.
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2. OUTLINE OF THE TARGET PCM STRUCTURE
A schematic view of the PCM is shown in Fig. 2. Silicon (Si) chiral layer (thickness: dchiral , refractive
index: n = 3.5) and an underclad layer (thickness: dclad , refractive index: nclad ) are formed on a silica
substrate (refractive index: n = 1.444). An array of gammadion pattern is assumed to be formed
on the Si layer. The pattern is arranged with a square lattice geometry in x and y directions with a
pitch of Λ. Width and the spacing of the gammadion arms, indicated by wa and ws , were both set
as Λ/6, respectively. We mainly dealt with the convex pattern (emboss gammadion shape), as the
concave one was found to exhibit only narrow OA peaks according to our previous study [20]. All
constituent materials were assumed to be lossless and non-dispersive for simplicity. Light was assumed
to be normally incident (parallel to the z axis) on the substrate from air.

(a)

(b)

Figure 2. Schematic view of the PCM. (a) Top view, (b) cross sectional layer proﬁle.
Konishi et al. reported that inserting an underclad beneath the chiral layer was eﬀective for the
expression of OA [19]. In this study we followed their concept and investigated three kinds of underclad
materials. First one is Si3 N4 , which can be formed in the same process as the Si chiral layer. Second
one is Al2 O3 . This material has high etching selectivity to Si (although separate process is needed).
The ﬁnal one is partially-etched type Si. Etched and remaining parts of the Si layer are expected to
function as chiral and underclad layers, respectively. In this section we ﬁrst describe Si3 N4 . Here we
assume slightly low refractive index (nclad = 1.825) made by PECVD (plasma enhance CVD).
In Ref. [15], Bai et al. indicated that two types of mechanism were responsible for the appearance
of OA; one was the Fabry-Perot resonance (FP), and the other was the guided-mode resonance (GMR).
Since PCM has only two layers at most, the quality factor (Q-factor) of the FP is not very high.
Therefore, the OA bandwidth by FP should be relatively wide. On the other hand, GMR is known as
a resonance exhibiting an extremely high Q-factor even in a single layer structure [21]. Therefore, the
bandwidth of the OA peak by GMR tends to be relatively narrow.
3. METHOD OF CALCULATION
Jones matrix representation of a PCM was calculated from the transmission spectrum for the xpolarization incidence. Detailed procedure was described in Ref. [20]. In summary, we monitored
the temporal waveform of the zero’th order spatial harmonic component of the transmitted light by
3-D Finite-Diﬀerence Time-Domain (FDTD) simulation [22]. The analytical space was limited to one
grating period in the xy plane. The ﬁelds on the opposing xz and yz planes were connected by periodic
boundary conditions. On the other hand, both ends of the z direction were terminated by Mur’s 1st
order absorbing boundaries [23]. Monitored waveform was Fourier transformed to get the complex Jones
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vector [a(λ), b(λ)]T with λ the wavelength (T denotes transpose). The Jones vector for y-polarization
incidence case could be then immediately obtained as [−b(λ), a(λ)]T without additional calculation, by
considering the PCM’s four-fold rotationally symmetric shape. Then, the Jones matrix, G, of the PCM
was obtained as follows.


a −b
G=
(1)
b a
In the long wavelength region where the 1st order diﬀracted wave becomes cutoﬀ (λ > Λ/nclad ),
it has been known that the eigenstate of polarization (polarization which maintains its shape upon
transmission) of G became left- and right-handed circular polarizations [15]. The power and the
argument of the eigenvalues correspond to the transmission coeﬃcient and the phase retardation,
respectively. Here, the rotation angle for linearly polarized incident light is given by half of the diﬀerence
of retardation for both circular polarizations. In addition, the net transmittance of the PCM sandwiched
by crossed polarizers is given by |G12 |2 = |G21 |2 = |b|2 . In the following sections the OA spectrum and
BPF characteristics will be shown for several underclad materials.
4. RESULTS OF SIMULATION
4.1. Silicon Nitride Underclad (Refractive Index = 1.825)
4.1.1. Overview
We examined the transmission spectrum of the BPF for diﬀerent chiral layer thicknesses. Figs. 3(a), 3(b)
and 3(c) show the cases where the chiral layer is thin (dchiral = 440 nm), intermediate (dchiral = 520 nm),
and thick (dchiral = 600 nm), respectively. Grating period was ﬁxed as Λ = 960 nm. The series ’A’ and
’B’ in Fig. 3(a) are attributed to FP and GMR peaks, respectively. The full width at half maximum
(FWHM) of the former was more than four times of the latter. The former peak shifted to the longer
wavelength as the underclad thickness increased. This corresponds to the general property that the FP
resonance wavelength is mainly determined by the total thickness of the chiral and the underclad layer.
On the other hand, the series B represented only a small wavelength shift. This reﬂects the GMR’s

(a)

(b)

(c)

Figure 3. Calculated transmission spectra of the BPF using Si/Si3 N4 PCM. (a) Thin Si chiral layer
(dchiral = 440 nm) case. Each plot correspond to diﬀerent underclad thickness. Series A and B denote
Fabry-Perot (FP) and guided-mode resonace (GMR) peaks, respectively. High transmittance peaks
were obtained around the region C. (b) Intermediate (dchiral = 520 nm), and (c) thick (dchiral = 600 nm)
Si chiral layers. Series D is the FP peak. Grating period was ﬁxed as Λ = 960 nm.

Progress In Electromagnetics Research M, Vol. 66, 2018

5

nature that the resonance originates from the laterally propagating waves in the grating layer [24]. If
the chiral layer was thin as Fig. 3(a), FP peak of high transmittance appeared in the region shown
in ’C’. However, a narrow GMR peak coexist on the longer wavelength side. These peaks moved to
longer wavelength side together as dchiral increased as Fig. 3(b). In addition to this motion the GMR
peak began to diminish due to the breaking of resonance condition. Of course the unimodal shape is
most favorable, and this type of double peak wavelength ﬁlter was also proven to be useful for spectral
analysis [25].
As the thickness of the chiral layer further increased, the GMR peaks eventually vanished, and a
unimodal peak by FP remained as indicated by ’D’ in Fig. 3(c). However, both the Si and Si3 N4
layer became thicker than the double-peak structure of Fig. 3(a). If the ﬁlm thickness of the Si
layer was further increased, this FP peak moved to the longer wavelength side with decreasing its
peak transmittance (ﬁgure not shown). Considering these characteristics, we decided to examine the
structures of Fig. 3(a) (double peak) and Fig. 3(c) (single peak) in detail. In the next subsection we
varied the grating period of the chiral pattern while keeping the ﬁlm thickness, and calculated the
transmittance as a BPF array.
4.1.2. Design of a BPF Array with Si/Si3 N4 PCM
Figure 4(a) shows the simulated BPF spectra of thin Si/Si3 N4 construction (double peak feature).
Thickness of Si and Si3 N4 layers were 440 nm and 400 nm, respectively. Relatively broad peak of the
FWHM of 25 ∼ 30 nm accompanied by a narrow peak of FWHM of a few nanometers appeared. Fig. 4(b)
is a summary of the transmittance and the bandwidth of the FP peaks. Peak transmittance exceeded
90% while the bandwidth was as narrow as 25 ∼ 30 nm. Note that the rough feature of the plots is not
by the simulation error: each spectrum showed slight ﬂuctuation along with Λ.

(a)

(b)

Figure 4. Designed double-peak ﬁltering characteristics of Si/Si3 N4 PCM. (a) Spectra for various
grating period (Λ). Thickness of Si chiral and Si3 N4 underclad layers were 440 nm and 400 nm,
respectively. (b) Transmittance and bandwidth of the main peak (indicated as ‘A’ in the left ﬁgure).
Another set of example spectra for thick Si/Si3 N4 construction (single peak feature) are shown in
Fig. 5(a). Thicknesses of Si and Si3 N4 layers were 600 nm and 540 nm, respectively. Here the spectrum
became mostly single-moded at the cost of peak transmittance. Summary of the peak transmittance
and FWHM is shown in Fig. 5(b). Transmission loss was the order of 15 ∼ 25% while bandwidth was
about 25 ∼ 30 nm (almost the same as the former construction) at the grating pitch of 750 ∼ −950 nm.
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(a)

(b)

Figure 5. Designed single-peak ﬁltering characteristics of Si/Si3 N4 PCM. (a) Spectra for various grating
period (Λ). Thickness of Si chiral and Si3 N4 underclad layers were 600 nm and 540 nm, respectively.
(b) Maximum transmittance and bandwidth of the main peak (indicated as ‘A’ in the left ﬁgure).
4.2. Aluminum Oxide Underclad (Refractive Index = 1.61)
Al2 O3 ﬁlm made of rf sputtering process represents refractive index of about 1.6 at visible to NIR
range. The ﬁlm can be hardly etched by the RIE with ﬂuoride gases for Si, thus suitable as an etch-stop
layer. Note that Bai et al. showed that the PCM with perfectly symmetric layer structure, where
refractive indices of the upper and lower spaces of Si were the same, did not represent OA. We have also

(a)

(b)

Figure 6. Calculated transmission spectra of BPFs using Si/Al2 O3 PCM. (a) Thin Si chiral layer
(dchiral = 400 nm) case. Each plot correspond to diﬀerent underclad thickness. (b) Thick (dchiral =
480 nm) Si chiral layers. Region A indicates the unimodal construction. Grating period was ﬁxed as
Λ = 960 nm.
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shown [20] that without underclad the OA peak became extremely narrow. PCM with Al2 O3 underclad
(n = 1.610) is close to these situations compared to the Si3 N4 (n = 1.825) case. Narrower FWHM is
thus expected.
Here we will show two typical constructions: relatively thin and intermediate chiral layer
thicknesses. Figs. 6(a) and 6(b) show the spectra for various Al2 O3 underclad thicknesses for
dchiral = 400 nm and 480 nm, respectively. Similar to the Si3 N4 underclad, if the chiral layer was thin
the GMR peak was apparent as Fig. 6(a) (small peaks near λ ∼ 1510 nm). This narrow series became
vague for increasing dchiral as Fig. 6(b). Remaining parts of the spectra were almost ﬂat and represent
low transmittance.
Then we examined the grating period-dependence of the spectrum for dchiral = 480 nm construction.
Here we ﬁxed the Al2 O3 thickness as 720 nm (region indicated by “A” in Fig. 6(b)). Result is shown
in Fig. 7(a). Their peak transmittance and bandwidth are also presented in Fig. 7(b). According to
the detailed simulation we also found quite a narrow GMR peaks remained in the long wavelength side.
Peak transmittance of the main peaks reached as high as 97% at Λ = 1020 nm. Bandwidths of the
peaks were around 13 ∼ 20 nm for T > 80%, which was almost half the Si3 N4 case. Thus the Al2 O3
underclad is favorable for realizing narrow banded MFAs.

(a)

(b)

Figure 7. Designed single-peak ﬁltering characteristics of Si/Al2 O3 PCM. (a) Spectra for various
grating period (Λ). Thickness of Si chiral and Al2 O3 underclad layers are 600 nm and 540 nm,
respectively. (b) Transmittance and bandwidth of the transmission peak ‘A’ in the left ﬁgure.

4.3. Silicon Underclad (Refractive Index = 3.5)
This type is assumed to be composed of a single Si layer on the silica substrate. The Si layer is to be
partially etched to form a chiral pattern. The remaining, un-etched part functions as an underclad.
First, the relation between the underclad thickness and the BPF spectrum was investigated.
Figs. 8(a) and 8(b) show thin (dchiral = 360 nm) and thick (dchiral = 480 nm) chiral thickness, respectively.
One can see two key features: (1) wide bandwidth and (2) unwanted noisy transmission at the short
wavelength side.
Next, transmission characteristics as a multi-patterned BPF were investigated. Etched and unetched thicknesses of the Si layer were set as 360 nm and 160 nm, respectively. This corresponds to,
relatively “clear” region indicated by “A” in Fig. 8(a). Results are summarized in Fig. 9. Although there
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(a)

(b)

Figure 8. Calculated transmission spectra of BPFs using partiall-etched type Si PCM. (a) Thin Si
chiral layer (dchiral = 360 nm) case. Each plot correspond to diﬀerent “unetched” Si thickness. Region
A indicates high transmittance and almost unimodal construction. (b) Thick (dchiral = 480 nm) chiral
layer. Grating period was ﬁxed as Λ = 960 nm.

(a)

(b)

Figure 9. Designed ﬁltering characteristics of the Si PCM. (a) Spectra for various grating period (Λ).
Thickness of the etched and unetched parts of the Si layer were 360 nm and 160 nm, respectively. (b)
Transmittance and bandwidth of the peak series A in the left ﬁgure.
are multiple small peaks at short wavelength side and the bandwidth of the main peaks are relatively
wide, a series of BPF-like transmission bands was obtained. To see the performance of Fig. 9, peak
transmittance is expected to be larger than 80% whereas the bandwidth ranges from 37 nm to 48 nm.
Thus this type of ﬁlm construction will be suitable for checking the rough NIR spectroscopic feature of
the target: for example, concentration of alcohol in water solution, etc. [12].
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Note that in all the above three example structures, we observed no signiﬁcant OA peaks at long
wavelength side of the main BPF peaks.
5. SUMMARY
We numerically investigated the transmission characteristics of polarization interference-type BPFs
consisting of a pair of linear polarizers and all-dielectric PCMs. The PCM was assumed to be a bilayer
structure on a silica substrate with underclad and top chiral layer made of Si. Feasibility of Si3 N4 , Al2 O3
and Si as the underclad materials was studied. It was demonstrated that almost unimodal multiple ﬁlter
array could be constructed by designing the PCM’s grating period as 700 ∼ 1200 nm (depending on the
underclad material). Optimum thickness of the Si chiral layer lies between 300 nm and 600 nm. The
transmission peaks consisted of a broad one having FWHM of about 13 ∼ 48 nm, and a narrow one
with the FWHM of a few nanometers. For the application to NIR spectral measurement, Si3 N4 and
Al2 O3 were found to be promising from the viewpoint of bandwidth.
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