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Abstract: A one-dimensional asymmetric photonic crystal with dual-
frequency liquid crystal as a central defect layer was demonstrated. Such 
asymmetric structure was characterized by the dramatic increase in intensity 
of the electric field of light localized at the overlapped photonic bandgap 
edges, thereby enhancing the observed transmittance of the spectral 
windows originating from the defect layer. The defect layer was made of a 
dual-mode liquid crystal that exhibited not only electrical tunability and 
switchability but also optical bistability. Consequently, tunable and bistable 
defect modes can be realized in the photonic structure. This asymmetric 
photonic crystal structure is promising and should be further explored for 
photonic device applications. 
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1. Introduction 

Over the past two decades photonic crystals (PCs) with their structural periods comparable to 
optical wavelengths have been studied extensively [1,2]. The propagation of electromagnetic 
waves through a PC is forbidden over a spectral region that defines a photonic band gap 
(PBG) for the periodic structure. With the simplest framework, a one-dimensional (1-D) PC 
can be constructed by multilayer dielectric materials, allowing the structure to be fabricated 
and simulated with relative ease. The introduction of a defect layer into a PC breaks its 
characteristic periodicity, generating defect modes in the PBG. The defect modes have 
different applications, such as optical cavity lasers [3,4], spectral filters [5], and light-trapping 
solar cells [6]. Consequently, photonic structures possessing tunable defect modes have 
attracted a lot of attention recently. Owing to its optical anisotropy and susceptibility to 
external stimuli, many theoretical [7,8] and experimental [9,10] studies employing liquid 
crystal (LC) as defect layers to achieve tunability of defect modes or photonic bandgap 
structures [11–13] have been reported. The wavelength-tunable defect-mode lasing in a 
multilayer PC infiltrated with a central nematic layer is, indeed, a momentous step for PC/LC 
hybrid systems [14]. Unfortunately, great discrepancies often existed between experimental 
data and overestimated simulations [15]. While these previous studies concentrated on 
wavelength tunability of defect modes in hybrid PBG structures, no obvious effort has been 
made to promote transmittance of defect modes especially in undyed systems beyond laser 
applications. In this work we investigated, by simulations and experiments, the spectral 
properties of an asymmetric PC structure constructed by heterojunction of two distinct 
multilayer substrates sandwiching a LC layer. The resulting defect modes showed high 
transmittance near the boundary between the two individual PBGs due to their overlapped 
band edges. The dual-frequency (DF) bistable chiral- splay nematic (BCSN) layer possessed 
two stable states—the splay state and π-twist state—and a voltage-sustained bend state [16]. 
In the bistable (or memory) mode, the defect modes existed with complementary nature at 
null voltage in the two stable states; in the voltage-sustained (or dynamic) mode, the defect 
modes had a wider tunable range than that of PC hybrid cells containing another bistable LC 
[17]. Therefore, the dual-mode PC/DF-BCSN devices were characterized by their defect 
modes with optical memories and electrical tunability. To the best of our knowledge these are 
the first 1-D asymmetric PC/LC structures fabricated in a laboratory. 
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2. Experimental 

Figure 1 depicts the structure of a specific 1-D PC/DF-BCSN confined between two dielectric 
mirrors with the integer N = 4. Each multilayer was generally composed of a (2N + 1)-layer 
stack of alternating high-refractive-index material Ta2O5 (nH = 2.18) and low-refractive-index 
material SiO2 (nL = 1.47) deposited on an indium–tin-oxide (ITO) glass substrate. The 
multilayers (i.e., PC 1 and PC 2) were specially designed to yield overlapped PBGs near the 
band edges with dissimilar central reflection wavelengths. The simulation results by means of 
the 4 × 4 Berreman matrix are shown in Fig. 2 for a sandwiched parallel-alignment LC as the 
central defect layer. Instead of using a fully vectorial numerical model, all of the simulations 
of the LC director profile in this study were reasonably carried out with use of 1-D model for 
the 1-D PC structure. Here the cell geometry and materials parameters were adopted for 
simulation: the extraordinary refractive index ne = 1.718 and the ordinary refractive index no 
= 1.496 for the LC, the thickness of defect layer d = 2 μm, and the optical thicknesses 4nHdH1 
= 4nLdL1 = 450 nm and 4nHdH2 = 4nLdL2 = 600 nm in the first and second PCs, respectively. 
Figure 2 reveals a high-transmittance defect mode in the overlapped PBG-edge region. 
However, a few low-transmittance peaks also appear in the PBGs, which can be suppressed 
with increasing N. The full width at half maximum (FWHM) of the distinguished defect-
mode peak at ~530 nm becomes narrower and the PBG edges steeper as the number N grows 
larger. The simulated data provided a reasonable guide for real cell design. 

To achieve a broader tunable range and consider a larger tolerance for cell fabrication to 
ensure the overlap of the stop bands, we chose N = 4 and adjusted the optical thickness of 
each dielectric layer to produce two PC substrates with their band gaps centered at 460 and 
600 nm. The polyimide SE-8793 (Nissan Chemical) was spin-coated on the top of each 
dielectric multilayer, and the formed alignment layers were rubbed unidirectionally. The 
pretilt angle was approximately 4° in the two stable states as measured using the conventional 
crystal-rotation method [18]. Each assembled cell has a gap as the thickness of the LC defect 
layer close to 2 μm (simulation condition); the gap was determined by solidified UV gel by 
exposure to the UV light. 

 

Fig. 1. Schematic of a 1-D asymmetric PC containing DF-BCSN as the central defect layer. 
The single layer thicknesses of the high- and low-refractive-index dielectric coatings in the 
first (second) multilayered substrate are dH1 (dH2) and dL1 (dL2), respectively. 
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Fig. 2. Simulated transmittance spectra of a 1-D asymmetric multilayer PC comprising nematic 
LC as the central defect layer with N = 3, 4, 5, 6, and 7 (black solid lines). The blue and red 
dotted curves are the spectra of the first and second PC substrates showing their central 
reflection at wavelengths of 450 nm and 600 nm, respectively. Optical extinction is ignored. 

 

Fig. 3. Switching mechanisms and configurations of a DF-BCSN cell in various states. 

The LC used was a mixture of a DF nematic host (HEF-951800-100, HCCH) and a left-
handed chiral dopant (HEB, Yung Zip Chemical) [19]. The nematic host possessed dielectric 
anisotropy Δε =  + 2.6 at 1 kHz and −3.2 at 100 kHz, with crossover frequency fc ≈14 kHz 
and birefringence Δn = 0.222. The chiral agent blended with DFLC resulted in a thickness-to-
pitch ratio d/p ~−0.25 in cells, which yielded equal free energy in the splay and π-twist states. 
The laboratory spectra of the PC/DF-BCSN cells were acquired with a spectrophotometer 
(Ocean Optics HR-2000 + ). An arbitrary function generator (Tektronix AFG-3021B) was 
used to supply square-wave voltage to switch the PC/DF-BCSN cells between the bistable 
mode and voltage-sustained mode. 

3. Results and discussion 

Figure 3 illustrates the operation principle of a DF-BCSN or PC/DF-BCSN cell. When a field 
is applied at a low driving frequency f1, the initial stable splay state is switched to the voltage-
sustained bend state. The tunability of defect modes in a PC/DF-BCSN cell is the largest 
during this transition because the refractive index of the BCSN can be modulated virtually 
from ne to no as a result of field-induced director reorientation. Once the voltage is removed, 
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the bend state will relax to the left-helix-twist state by the flow effect in a π-cell [20] in which 
the corresponding free energy is minimized. If the driving frequency is switched from f1 to a 
high frequency f2 instantly in the high-tilt bend state, the LC molecules will return to the splay 
state via the backflow effect in conjunction with the revertible dielectric characteristic of a 
typical DF-LC. The switching time is in a few milliseconds in the transition from the splay or 
twist state to the bend state at a low-frequency driving voltage. However, the nucleation takes 
place inevitably during the bend-to-splay state transition (induced by a high-frequency 
voltage) due to the discontinuous transition of the LC molecules. This leads to the tip-over 
phenomenon [21] of the middle-layer LC in the transition process and, in turn, results in a 
prolonged response with a switching time of several seconds (1–3 s). 

The simulated and experimental spectra of a PC/DF-BCSN cell (for N = 4) in two stable 
states are shown in Fig. 4. Compared with the simulation data, the transmittance of the defect 
modes was not as high in the experimental spectra, which was attributable to experimental 
uncertainties such as in thicknesses of the dielectric thin films and the LC layer as well as to 
light scattering caused by the structural interface roughness. In the splay state, the measured 
transmittance of the distinctive defect-mode peak marked 75% at ~535 nm and its FWHM 
was ca. 8 nm. Since the different configurations of LC molecules led to distinct light 
confinement conditions for the two stable states, two sets of defect modes were obtained at 0 
V. Note that the spectral profile of the defect modes looks “fragmentary” in the π-twist state 
in that both O- and E-mode components coexist (i.e., cases where the light polarization is 
perpendicular and parallel to the LC director, respectively) in the spectrum [9,22]. 

Here we further investigated the spatial distribution of the local intensity inside the 
PC/DF-BCSN LC cell. The strong oscillations of local intensity for O-mode at 534.6 nm in 
the splay state is observed in Fig. 5, which manifests the large energy confined in the central 
defect layer by means of the asymmetric PC structure. On the other hand, Fig. 5 also indicates 
that the spatial distribution of the local intensity is damped in the π-twist state on account of 
the dissipation of electromagnetic waves in the π-structured LC layer. 

 

Fig. 4. Simulated (dash-dotted lines) and laboratory (solid lines) spectra of the asymmetric 
PC/DF-BCSN cell (N = 4) in two stable states without any polarizers. Note that the multilayer 
thicknesses have been acceptably tuned to match the experimental results: dSiO2_PC1 = 76.0 nm, 
dSiO2_PC2 = 105.8 nm, dTa2O5_PC1 = 51.5 nm and dTa2O5_PC2 = 71.5 nm in accordance with the 
mirror spectra. The simulations were sophisticatedly performed with the director profile within 
the LC defect layer divided into 100 sublayers, taking the optical extinction and dispersion into 
account. 
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Fig. 5. Spatial distributions of the refractive index no (green curve) and local field intensity |E|2 
inside the PC/DF-BCSN cell in the splay state (red curve) as well as the π-twist state (blue 
curve) for O-mode at λ = 535.8 nm. Parameters are the same as used in Fig. 4. 

 

Fig. 6. Experimental transmittance spectra of the tunable defect modes from the splay state to 
the bend state induced by an applied voltage at a low frequency of 1 kHz. 
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Figure 6 shows the defect-mode tunability characteristics in a series from the stable splay 
state (0 V) to the voltage-sustained bend state at 50 V of the PC/DF-BCSN cell. The effective 
refractive index (neff) of the LC changes with the molecular tilt angle so that the defect modes 
can be modulated by changing the ac applied voltage. As the defect modes shift in 
wavelength with increasing voltage, the transmittance is suppressed in the non-overlapped 
regions in the two PBGs. Therefore, one can clearly see the rise in transmittance of one 
defect-mode peak accompanied by the transmittance drop of the other defect-mode peak. The 
defect-mode transmittance reaches the maximum at the intersection of the two PBGs where 
the FWHM becomes narrower. In accordance with Fig. 6, the defect mode shifted about 23 
nm from 0 V to 50 V and the two defect-mode peaks became equally high at ~35 V. The 
tunable range can be extended by increasing the overlapped region of the two PBGs. 

4. Conclusions 

In summary, we have demonstrated a new asymmetric structure of 1-D multilayer PC with 
DF-BCSN LC as a central defect layer. Experimental and simulated transmittance spectra 
attested the idea and manifested the feasibility of this design. Compared with a typical 
symmetric PC counterpart, the asymmetric structure gives rise to remarkable increase in 
transmittance of defect-mode peaks and exhibits a much wider range of the resulting PBG. By 
switching between two stable states, the PC/DF-BCSN cell exhibits complementary sets of 
defect modes and high-contrast defect-mode transmittance in the overlapped region of the two 
PBGs. Furthermore, the defect modes in the voltage-sustained bend state are electrically 
tunable, shifting to shorter wavelengths with increasing voltage. The asymmetric 1-D 
multilayer PC structure greatly enhances the localized field intensity, which leads to a 
prolonged dwell time of photons at the band edges. As such, the asymmetric 1-D PC/LC 
structure can be applied to ultralow-threshold lasers [23]. Besides, the dual-mode switching 
properties of the PC/DF-BCSN cells have potential in energy-efficient optical switches, 
integrated photonic devices, and multichannel light filters. Moreover, applications in tunable 
optical communications are also possible because the central reflection wavelengths of the 
dielectric mirrors can be easily changed to fall into the near-infrared region while remaining 
the switching properties of a PC/DF-BCSN cell in the single mode (splay state), multimode 
(voltage-sustained state), and extinction mode (twist state). 
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