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Abstract: In this paper, a 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium tosylate (DAST) material
assisted one-dimensional photonic-crystal-based (1D-PhC) tunable optical filter is presented. The
design comprises a bilayer 1D-PhC structure having DAST as an electro-optic material. The device
parameters are configured to filter out the 632.8 nm wavelength from the reflection spectrum. The
analysis shows that by illuminating the device with poly-chromatic light at an incident angle of 45.07◦,
the filtered wavelength exhibits transmission maxima having FWHM of less than 1nm. The analytical
results also demonstrate the post fabrication 60 nm electrical tuning of the filtered wavelength by
using only ±5 V applied potential. The structure also exhibits a very stable filter response up to
40% variations in optical thickness. Thus, the proposed design possesses the advantage in terms
of low voltage wavelength tuning, stable response, easy fabrication and integration capability in
integrated circuits.

Keywords: optical filter; electrical tunable; DAST material; one-dimensional photonic crystal

1. Introduction

Post fabrication tuning of the optical properties of the surface wave-based nano-
photonic systems working in the visible region are attracting wide attention particularly to
develop reconfigurable optical devices [1,2]. The optical properties and surface wave re-
sponses of the nano-photonic devices can be dynamically tuned by considering an external
stimulus. This requires the integration of functional materials such as electro-optical (EO)
materials [3–5], thermo-optical (TO) materials and phase change (PCM) materials [6–9] with
conventional surface wave-based devices [10–14]. Additionally, the integrated material
should possess a correspondingly large coefficient of variations. This enables developing
a number of tunable surface wave-based nano-photonic devices [15–17]. Recently, tun-
able narrowband spectral filters have gained considerable attention because of their wide
applications in spectroscopy, imaging, sensing, smart display and astronomy [18–23]. In
2022, Chen et al. [24], developed a graphene-based electrical tunable filter and observed
a 1.62 nm wavelength tuning by applying a maximum voltage of 30 V. The Ge2Sb2Se2Te1
(GSST) phase change material has been explored in a metal–insulator–metal (MIM) configu-
ration to completely reject the 850 nm wavelength range [25]. The epsilon-near-zero (ENZ)
material (n doped-InSb) has also been explored in a Fabry–Pérot nanocavity configuration
to tune the absorbance wavelength in the visible region. The authors reported a 40 nm
tuning (625–665 nm) for an applied maximum voltage of 50 V [26]. A distributed Bragg
reflector-based (DBR) optical filter working as an alternative to the well-known Fabry–Pérot
filters for a NIR region is proposed by Ahmed et al. [27] and the authors reported a FWHM
of around 0.016 of filtered wavelength. A similar structure working on a guided-mode
resonance principal is also explored to work as a Fano filter device [28]. In most of the
reported works, either wavelength tuning range is very low or one needs to apply a very
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large voltage. Additionally, the full-width-half-maximum (FWHM) of filtered wavelength
is very large, thus not widely applicable in fine spectral tuning applications.

Recently, an organic crystal 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium tosylate
(DAST) as an EO material [29] has been widely explored for various high-speed electro-
optic applications and THz-wave generation [30,31]. It is also explored to design an all
weather electro-tunable smart window [32] and a tunable color filter in an MIM cavity
configuration using silver [33]. In this article, a simple approach has been proposed to
design a dynamical tunable optical filter. This comprises utilizing a DAST as an EO
material [29], to be incorporated in a multilayer structure to electrically tune the reflection
spectrum. DAST has a very large EO coefficient of around 3.41 nm/V, which is more
suitable for electrical tuning purposes compared to a standard LiNbO3 material [34]. The
design optimization and structural analysis is carried out using both the finite element
method (FEM) and the transfer matrix method (TMM). The detailed optimization of the
device results in selective transmission of a specific wavelength having very narrow FWHM.
The analysis is carried out to measure the transmission wavelength tuning with respect to
the applied voltage. This shows that by illuminating the device with polychromatic light at
an incident angle of 45.07◦, the filtered wavelength exhibits transmission maxima having
FWHM of less than 1nm. Furthermore, the results also demonstrate the post fabrication
60 nm electrical tuning of filter wavelength by using only ±5 V applied potential. The
proposed design possesses the advantage in terms of low voltage wavelength tuning, easy
fabrication and integration capability in integrated circuits having possible applications in
dynamic displays, colour tunable smart windows, tunable switches and imaging devices.
The novel 1D-PhC and EO material integration further strengthens its competency and
inspires for the future scope.

2. Design Methodology and Optimization

The proposed structure works on the basis of DBR. It is designed by considering
DAST and SiO2 as the high and low refractive index (RI) materials. The total thickness
of the structure is only around 1691 nm, where the thickness of the layers (DAST, and
SiO2) is 85 and 128 nm from the bottom substrate to the top. The structure is terminated
by a low index defect layer of 200 nm thickness followed by surrounding medium (here,
air) of 1000 nm thickness. The thickness values are optimized to filter out wavelengths of
interest (initially 632.8 nm). This is attained by satisfying the phase-matching condition
of the incident light, which is accomplished by using a BK7 glass prism arranged in a
Kretschmann configuration [35,36].

The schematic of the proposed structure ‘substrate|(SiO2,DAST)7|SiO2|air’ and
its corresponding 2-dimensional (2D) electric field profile is presented in Figure 1. The
structure analysis was carried out to calculate the reflection, absorption and transmission
spectrum. The structure comprises 7 pairs of DAST/SiO2 layers arranged in a Bragg
stack configuration to obtain overall high reflectivity as shown in Figure 1a. Here, sub-
strate and SiO2 are considered having RI of about 1.515, and 1.45, respectively. The
absorption property of SiO2 has also been taken care of by considering 0.0001i as the
imaginary part of the dielectric constant. The optical constant values for DAST are taken
from [37]. Figure 1b represents the 2D surface electric filed profile of the proposed structure
‘substrate|(SiO2,DAST)7|SiO2|air’. Here, the light is incident in ‘z’ direction. Thus, the
electric field profile within each layer can be calculated by [38–40] Equation (1).

E(z, x) = Aneiknz + Bne−iknz = A(z) + B(z) (1)

where A(z) represents the forward propagating field, and B(z) represents the backward
propagating field components having corresponding field amplitudes as An and Bn. The
field amplitudes are computed for every nth layer by using the transfer matrix method
(TMM). This provides a direct relation between incident and reflected wave amplitudes for
a finite size proposed structure and given by Equation (2).
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Since the structure is periodic in nature, the eigenvalue equation is formulated by applying
the Floquet theorem, which is further solved to obtain the reflection, transmission and
absorption response of the proposed structure [41,42].

Figure 1. (a) Schematic of proposed filter structure and (b) corresponding surface electric field profile
at a central wavelength of 632.8 nm and incident angle of 45.07◦.

3. Simulation Results and Discussion

Initially, the analysis is carried out by calculating both the angular and wavelength-
dependent reflectance spectrum of the proposed device. Figure 2a represents the reflectivity
spectrum with respect to the incident angle at a fixed central operating wavelength of
632.8 nm.

A simple DBR structure comprises ‘substrate|(SiO2,DAST)7|air’, whereas a DBR
with a defect layer is made of a ‘substrate|(SiO2,DAST)7|SiO2|air’ configuration. The
simple DBR structure works as a dielectric mirror; thus a broadband spectrum is reflected.
However, the incorporation of a defect layer on the proposed structure results in filtration
of a 632.8 nm wavelength from the reflection spectrum at a 45.07◦ incident angle. Thus, the
angular interrogation exhibits the filtration of a 632.8 nm wavelength from the reflection
spectrum at an incident angle of 45.07◦. This is because the dispersion curve for the surface
mode comes near the air–light line and is represented by the red curve of Figure 2a. This
is further verified by calculating the wavelength-dependent reflection spectrum of the
proposed structure ‘substrate|(SiO2,DAST)7|SiO2|air’ and is represented in Figure 2b. It
is clear from Figure 2b that for a fixed incident angle of 45.07◦, the structure reflects all the
incident wavelength spectrum except at 632.8 nm. Thus, a sharp dip corresponding to the
632.8 nm wavelength is observed, which confirms that the mentioned wavelength is filtered
out from the reflection spectrum. Additionally, the structure can further be optimized
to filter out any other desired wavelength by tuning the optical length of the considered
materials as shown in Figure 3. Figure 3a represents the impact of varying DAST material
thickness on a filtered wavelength at a fixed incidence angle of 45.07◦.
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Figure 2. Reflectivity analysis of the designed structure: (a) effect of the incident angle on the
reflectivity spectrum for a simple DBR (substrate|(SiO2,DAST)7|air) and a DBR with a defect layer
(substrate|(SiO2,DAST)7|SiO2|air) at 632.8 nm incident wavelength; (b) wavelength interrogation
of the (substrate|(SiO2,DAST)7|SiO2|air) structure at a 45.07◦ incident angle.

Figure 3. The impact of varying DAST material width on filtered wavelength for a constant incidence
angle of 45.07:◦ (a) for 0.5% thickness variation; and (b) for 100% thickness variation.

Increasing DAST material thickness only 0.5% results in around a 1 nm change in the
filtrated wavelength. Moreover, the transmission intensity of the infiltrated wavelength is
very high (blue colour in the centre), and the FWHM (black circle width) is only around
0.1 nm, which is more suitable for fine spectral tuning applications. Additionally, the
proposed design concept is further extended for broad spectral tuning of the filtered
wavelength, and it is observed that the structure possesses very good filter wavelength
tuning as shown in Figure 3b. Increasing the DAST material thickness from dh to 2 dh in
the step of 20%, results in filtration of 632.8 nm, 673.73 nm, 715.29 nm, 758.97 nm, 805.53 nm
and 855.12 nm wavelengths, respectively. The structure exhibits around 82.4 nm (632.8 nm
to 715.2 nm) wavelength tuning having strong reflection minima for a corresponding 40%
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increase in DAST material thickness. The same has been summarized in Table 1. However,
the thickness variations can also occur because of fabrication imperfection, which results in
undesirable filtered wavelength tuning. This problem can be alleviated, and the structure
can be made to filter a fixed wavelength at different incidence angles. Thus, the analysis is
further extended to calculate the impact of varying DAST material thickness on required
incidence angles to filter out a fixed operating wavelength of 632.8 nm. Figure 4 represents
the impact of varying DAST material thickness on the incidence angle for a fixed operating
wavelength of 632.8 nm. Increasing DAST material thickness only 0.5% results in around
a 0.13% change in the incidence angle to filter-out a 632.8 nm wavelength. Moreover, the
reflected intensity of the infiltrated wavelength is very low (blue colour in the centre).

Figure 4. The impact of varying the DAST material width on the required incidence angle to filter
out a constant wavelength of 632.8 nm: (a) for 0.5% thickness variation; and (b) for 100% thickness
variations.

The analysis is further extended to higher thickness variations, and it is observed that
the structure possesses a very stable filtered wavelength response as shown in Figure 4b.
Increasing the DAST material thickness from dh to 2 dh in the step of 0.2 results in filtration
of a 632.8 nm wavelength at corresponding incidence angles of 45.07◦, 47.31◦, 49.71◦,
52.81◦, 57.34◦ and 63.77◦, respectively. The structure requires around 10.3% variations in
incidence angle to filter a 632.8 nm wavelength for a corresponding 40% increase in DAST
material thickness. Increasing the DAST material thickness beyond 40% results in higher
top interface losses. These results have been summarized in Table 1. The analysis shows
that the proposed device has very good fabrication tolerance as the wavelength filtration
will still occur even after a small variation in fabrication parameters.

Table 1. Effect of thickness variation on both incidence angle and excitation wavelength.

Thickness Variation Incident Angle at Fixed Wavelength of 632.8 nm Filtered Wavelength at Fixed Angle of 45.07◦

1.0 × dh 45.07 ◦C 632.80 nm
1.2 × dh 47.31 ◦C 673.73 nm
1.4 × dh 49.71 ◦C 715.29 nm
1.6 × dh 52.81 ◦C 758.97 nm
1.8 × dh 57.34 ◦C 805.53 nm
2.0 × dh 63.77 ◦C 855.12 nm
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Since many times, post-fabrication device tuning is required, the electro-optical (EO)
property of the DAST material is considered. Once the device is fabricated and layer thick-
nesses are measured, voltage at the DAST material can be applied to tune its wavelength
filtration characteristics. DAST possesses a very high EO coefficient (3.41 nm/V), which is
sufficient enough to tune the operating wavelength with minimum bias voltage [43–45].
Since the EO coefficient of SiO2 is very small it does not have any much impact on the
analysis. The EO coefficient and the corresponding refractive index variation of DAST is
calculated by Equation (3) [33].

nH = n′ +
dn
du

V
th

(3)

where n′ is the RI of material at zero applied voltage, dn/du is the EO coefficient considered
as 3.4 (nm/V), ‘V’ is the applied voltage, and ‘th’ is the layer thickness measured after
fabrication. The ‘th’ value can be obtained by either scanning electron microscopy (SEM)
imaging or spectroscopy ellipsometry measurement.

Figure 5a represents the impact of applying small bias voltage (0–0.5 V) on the re-
flectance characteristic of the proposed structure ‘substrate|(SiO2,DAST)7|SiO2|air’. In-
creasing the bias voltage from 0 to 0.5 V results in an increase in 3nm variation in filtered
wavelength. Additionally, the transmission intensity of the infiltrated wavelength is very
high (blue colour in the centre), and the FWHM (black circle width) is only around 0.1 nm,
thus retaining its fine spectral tuning characteristic. Figure 5b represents the extended
analysis for higher applied voltages, and it is observed that the structure possesses very
good filtered wavelength tuning. Increasing the applied bias voltage from−5 V,−2.5 V, 0 V,
2.5 V and 5 V results in transmission maxima at corresponding wavelengths of 598.9 nm,
617.0 nm, 632.8 nm, 646.7 nm and 659.2 nm, respectively. The structure exhibits around
60 nm wavelength tuning for a corresponding ±5 V applied bias voltage.

Figure 5. The wavelength-dependent reflectance spectrum at a fixed incidence angle of 45.07◦ for
applied voltage of: (a) 0 V to 0.5 V; (b) for −5.0 V to 5.0 V.

Figure 6 represents the filtered wavelength stability analysis at different applied
voltage. Figure 6a represents the impact of varying applied bias voltage on the incidence
angle for a fixed operating wavelength of 632.8 nm. Increasing only 0.5 V bias voltage
results in around a 0.35% change in the incidence angle to filter the 632.8 nm wavelength.
The analysis is further extended to higher applied bias voltage, and it is observed that
the structure possesses a very stable filtered wavelength response as shown in Figure 6b.
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Increasing the bias voltage from −5 V to 5 V in the step of 2.5 V, results in filtration of the
632.8 nm wavelength at corresponding incidence angles of 42.98◦, 44.15◦, 45.07◦, 45.81◦

and 46.43◦, respectively. The structure requires around 1.64% variations in incidence angle
to filter a 632.8 nm wavelength for a corresponding 2.5 V increase in applied bias voltage.
These results have been summarized in Table 2.

Table 2. Effect of applied voltage on both incidence angle and excitation wavelength.

Bias Voltage Angular Interrogation Wavelength Interrogation
Incidence Angle FWHM Resonance Wavelength FWHM

−5.0 42.98 ◦C 0.06 ◦C 598.9 nm 0.45 nm
−2.5 44.15 ◦C 0.007 ◦C 617.0 nm 0.18 nm

0 45.07 ◦C 0.006 ◦C 632.8 nm 0.11 nm
2.5 45.81 ◦C 0.004 ◦C 646.7 nm 0.07 nm
5.0 46.43 ◦C 0.005 ◦C 659.2 nm 0.08 nm

Figure 6. The impact of voltage variation on the reflectance spectrum for a constant incident wave-
length of 632.8 nm at an applied voltage of: (a) 0 V to 0.5 V; and (b) for −5.0 V to 5.0 V.

Figure 7 summarizes the post-fabrication voltage-dependent filter wavelength tuning
capability of the structure for both fixed filtered wavelength and fixed incidence angle.
The structural voltage-dependent filter wavelength tuning response can be measured by
Equation (4), and the corresponding wavelength stability is calculated by Equation (5).

λ = 632.8 + 6.012V − 0.1497V2 (4)

θ = 45.07 + 0.3424V − 0.1463V2 (5)

It is clearly evident from the graph that the bias-voltage-dependent filter wavelength
(at a fixed incidence angle of 45.07◦) and incidence angles (at fixed operating wavelength
of 632.8 nm) show a good polynomial relation with the coefficients of determination R2

which are 0.99918 and 0.97546, respectively. Therefore, the proposed structure shows its
capability as an angular wavelength filter having its potential applications in dynamic
displays, colour tunable smart windows, tunable switches and imaging devices. Moreover,
the structure can be fabricated by a simple spin/dip coating or deposition method, thus
eliminating the need of complex fabrication techniques [46–48]. The novel 1D-PhC and EO
material integration further strengthens its competency and inspires for the future scope.
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Figure 7. The comparative representation of the applied voltage on the filter wavelength at a constant
incidence angle of 45.07◦ and on an incidence angle at a fixed filter wavelength of 632.8 nm.

4. Conclusions

In this paper, a 1D-PhC-based electrically tunable optical filter is presented. The design
comprises SiO2 as a low refractive index material and DAST as a high refractive index ma-
terial having an EO coefficient of around 3.41 nm/V. The structural analysis demonstrates
a very stable filter response for a filtered wavelength of 632.8 nm. Additionally, the filtered
wavelengths and incidence angles can also be tuned to a desired user-defined value. The
theoretical results indicate that the centre wavelength of the proposed filter structure can
be tuned over the broad range of about 60 nm for a ±5 V applied potential having FWHM
of less than 1 nm. The proposed structure is a promising candidate in the field of dynamic
displays, colour tunable smart windows, tunable switches, and imaging devices because
of its remarkable performance characteristics such as fine wavelength tunability, higher
stability and minimum FWHM.
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