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Abstract

:

A terahertz metasurface that is imbedded into a dye-doped liquid crystal (DDLC) cell is fabricated in this work. After the metasurface-imbedded DDLC cell is irradiated with a linearly polarized pump beam, the irradiated cell is measured with a terahertz spectrometer. The irradiation of the pump beam causes the adsorption of the dye on one of the substrates of the cell, scattering incident terahertz waves and decreasing the transmittances of the terahertz metasurface at all the frequencies of its resonance spectrum. In addition, these transmittances decrease with an increase in the irradiation times of the pump beam. The adsorbed dye molecules are erased from the substrate after the cell is heated by a hot plate. The cell has similar spectra before the irradiation of the pump beam and after the heating of the hot plate. The aforementioned results reveal that the metasurface-imbedded DDLC cell is an optically tunable and thermally erasable terahertz intensity modulator. Therefore, this cell has the potential in developing intensity attenuators for terahertz imaging, frequency isolators for terahertz telecommunication, and spatial light modulators for terahertz information encryption and decryption.
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1. Introduction


Azo dyes have attracted much attention due to their controllability on the orientations of liquid crystals (LCs) [1,2,3,4]. Methyl red dye can be used to reorient LCs in dye-doped LC (DDLC) cells [1,2,3,4]. The methyl red molecules in an LC cell sequentially undergo absorption, photoisomerization, diffusion, desorption and adsorption on the irradiated surface of the cell after the cell is irradiated with a linearly polarized green light [1,2,3,4]. The orientation of the LC director in the cell is determined by the competition between the desorption and the adsorption [1,2,3,4]. The LC director is perpendicular (parallel) to the polarized direction of the light as the adsorption (desorption) prevails over the desorption (adsorption) at a low (high) energy dose of the light [1,2,3,4]. Methyl red dye molecules exert relatively large torques on LC molecules in DDLC cells [2]. As a result, methyl red dye is an ideal candidate for the fabrication of advanced optical devices.



Metasurfaces have attracted great attention due to their unique response to the frequencies, intensities, polarizations and phases of incident electromagnetic waves. The manipulation of the resonance frequencies of metasurfaces can be achieved by photosensitive dyes [3,4,5,6,7]. Lee et al. reported that the light-induced adsorption of the dye in a DDLC cell reorients the director of the LC, forming a two-dimensional optical grating with a fishnet image [3]. A terahertz fishnet metasurface is fabricated after a photoresist-coated plastic substrate is exposed to the fishnet image. Therefore, the DDLC cell can be used to develop passively tunable terahertz filters. However, the resonance frequency of the terahertz fishnet metasurface cannot be actively tuned by light. This drawback hinders the applications of the terahertz fishnet metamaterial. Atorf et al. reported that the light-induced adsorption of the dye in a DDLC cell reorients the LC director; rotating the polarized direction of a light that is incident to a near-infrared metasurface, and shifting its peak frequency from a resonance mode to another resonance mode [4]. However, the near-infrared metasurface only has two resonance frequencies before and after the director reorientation. In other words, the resonance frequency of the near-infrared metasurface cannot be continuously tuned. Therefore, the DDLC cell that is cascaded with the near-infrared metasurface is an optically switchable filter rather than an optically tunable filter. This drawback hinders the applications of this cell. Palto et al. reported that the irradiation of a pump light on a visible-light metasurface that is coated with a dye reorients the long axes of the dye molecules; inducing the birefringence of the dye, and shifting its resonance frequency [8]. However, the visible-light metasurface only has two resonance frequencies before and after the axis reorientation. In other words, the resonance frequency of the visible-light metasurface cannot be continuously tuned. Therefore, the visible-light metasurface that is coated with the dye is an optically switchable filter rather than an optically tunable filter. This drawback hinders the applications of this metasurface. Atorf et al. and Palto et al. manipulated the resonance frequencies of the metasurfaces by the adsorption-induced director reorientation and light-induced birefringence, and developed optically switchable filters that are operated in the short-wavelength region. It is interesting to manipulate the transmittances of metasurfaces at their resonance frequencies by other mechanisms of dyes and develop continuously tunable terahertz intensity modulators.



This work fabricates a terahertz metasurface that is imbedded into a DDLC cell. The irradiation of a pump beam on the cell induces the adsorption of the dye, scattering incident terahertz waves and decreasing the transmittances of the terahertz metasurface at all the frequencies of its resonance spectrum. In addition, these transmittances decrease with an increase in the irradiation times of the pump beam. Therefore, the metasurface-imbedded DDLC cell is a continuously tunable terahertz intensity modulator. This cell exhibits promising applications on terahertz telecommunication, terahertz imaging and terahertz biosensing.




2. Materials and Methods


Figure 1 shows the photoisomerization of a methyl red dye molecule. The dye molecule has trans and cis forms. When the dye molecule is excited by a pump light with a short wavelength of λs, the molecular conformation is changed from trans form to cis form. The cis form reconverts to the trans form by irradiating a pump light with a long wavelength of λl or increasing its temperature (T). The trans–cis conversion by light is a reversible process, and called photoisomerization.



Figure 2a presents the design of the split-ring resonators (SRRs) of two silver metasurfaces. Each of the SRRs has a linewidth (w), split gap (g), inner side length (li), outer side length (lo), period in the y direction and period in the x direction of 12 µm, 18 µm, 25 µm, 40 µm, 86 µm and 98 µm, respectively. Each of the silver metasurfaces is deposited on a polyethylene terephthalate (PET) substrate with a thickness of 188 µm using photolithography, metal evaporation and lift-off process, and that metasurface has a thickness of 200 nm. A 700 nm-thick polyimide layer (AL-1426CA, Daily Polymer corporation, Kaohsiung City, Taiwan (R.O.C)) is coated on each metasurface as a homogenous alignment layer, and is rubbed parallel to the gaps of the SRRs using a rubbing machine. Figure 2b presents the optical microscope image of one of the silver metasurfaces. The SRRs in the metasurface have the same geometrical dimensions. Therefore, the metasurfaces are reliable in this work.



Figure 3a presents the schematic drawing of the two DDLC cells that are imbedded with the silver metasurfaces before the irradiation of a linearly polarized pump beam. Each of the DDLC cells consists of a bare PET substrate and PET substrate with a polyimide-coated metasurface. The two PET substrates are separated by two plastic spacers with a thickness of 100 µm. Two DDLC mixtures are prepared by mixing an azo dye (methyl red, Merck) with a nematic LC (HTW114300-100, Fusol Material, Tainan City, Taiwan (R.O.C)). The HTW114300-100 LC is a nematic mixture, and has a clearing temperature at 106 °C. The HTW114300-100 LC has an extraordinary (ordinary) refractive index of 1.65 (1.52) in the terahertz region [9]. One of the mixtures has a mixing ratio of azo dye: LC = 1:99 by weight, and the other exhibits a mixing ratio of azo dye: LC = 2:98 by weight. The two DDLC mixtures are used in the two cells.



A linearly polarized pump beam from a semiconductor laser (wavelength = 532 nm) is normally incident to each of the metasurface-imbedded DDLC cells from its bare PET substrate. After the pump beam with an intensity of 1.3 mW/mm2 irradiates each cell, that cell is placed in the chamber of a terahertz spectrometer (TPS 3000, TeraView, Cambridge, UK) for measuring the resonance spectrum of the metasurface. Terahertz waves are polarized in a direction parallel to the x axis of Figure 3a and are normally incident to the DDLC cells from their bare PET substrates.




3. Results and Discussion


Figure 4a displays the experimental terahertz spectra of the two PET substrates with the metasurfaces. The metasurfaces have an identical resonance frequency of 0.703 THz and exhibit an identical transmittance of −9 dB at the resonance frequency. The metasurfaces have the same resonance frequency and transmittance, so they are used to study the effect of the methyl red dye of the DDLC cells on the electromagnetic resonance of the metasurfaces.



A simulation is performed using commercial software based on finite-difference time-domain method to verify the experimental spectra of the two PET substrates with the metasurfaces. A simulated SRR has the same geometrical dimensions as the SRR of Figure 2a and is deposited on a 188 µm-thick PET substrate with an area of 70 µm × 80 µm. The PET substrate has a permittivity of 3.0 in this work, and was obtained from its time-domain spectrum. A periodical boundary condition is set in the simulation, and the conductivity of silver in the simulated SRR is 6.30 × 107 S/m. Figure 4b displays the simulated spectrum of the two PET substrates with the metasurfaces. The metasurfaces have a simulated peak at 0.703 THz. Therefore, the peak frequency of the simulated spectrum of Figure 4b verifies that of the experimental spectra of Figure 4a. The inset in Figure 4b presents the near-field distribution of the simulated SRR at 0.703 THz. The near field of this SRR exhibits the maximum strength at its gap. This result reveals that the electromagnetic resonance of the metasurfaces is an inductive-capacitive mode at 0.703 THz. An SRR can be considered as an inductor-capacitor circuit, and its resonance frequency is given by [10].


  f =  1 /  2 π   L C   ∝ 1 / n ,  



(1)




where L is an inductance of the inductor and C is a capacitance of the capacitor. L is determined by the enclosed area of the SRR and C is proportional to the permittivity of a medium that is deposited on the SRR. Equation (1) depicts that the resonance frequency of the inductive-capacitive mode of a metasurface is inversely proportional to the refractive index n of a dielectric layer that is deposited on the metasurface. Therefore, the resonance frequency of the metasurface will be sensitive to a change in the refractive index of the dielectric layer.



The geometrical dimensions of part of the SRRs differ from those of the designed SRR. Therefore, the discrepancy between the experimental and simulated bandwidths of the metasurface arises from the fabrication tolerance. Efforts are being made at the authors’ laboratory to improve the fabrication of a metasurface, the results of which will be published in the near future.



Figure 5a,b display the experimental spectra of the metasurface-imbedded cells with the 1.0 wt%and 2.0 wt%DDLC mixtures, respectively, at various irradiation times of the pump beam. The resonance transmittance of the metasurface in the 1.0 wt% cell decreases with an increase in the irradiation time, and its resonance frequency remains at the same value after the irradiation of the pump beam. The transmittance modulation in Figure 5a arises from the scattering of the incident terahertz waves. As the methyl red dye molecules in the 1 wt% cell absorb the pump beam, they undergo photoisomerization. The dye molecules sequentially diffuse and adsorb on the inner surface of the bare PET substrate following the photoisomerization. The adsorbed dye molecules on the inner surface scatter the incident terahertz waves, decreasing the transmittances of the metasurface at all the frequencies of its resonance spectrum. In addition, these transmittances decrease with an increase in the irradiation times of the pump beam. Therefore, the transmittances of the metasurface at all the frequencies of its resonance spectrum are tuned by the irradiation times of the pump beam. In other words, the metasurface-imbedded LC cell with the 1 wt%DDLC mixture is an optically tunable terahertz intensity modulator. This cell exhibits promising applications on terahertz telecommunication, terahertz imaging and biosensing.



The role that the metasurface plays a band-stop filter. The band-stop filter decreases the transmittance of the metasurface at its resonance frequency. Therefore, it is necessary to use the metasurface to form a band-stop spectrum. The transmittance of the metasurface at its resonance frequency can be tuned by its geometrical structure and conductivity [11], but they are constant in this work. This work uses the adsorption-induced wave scattering to tune not only the transmittance of the metasurface at its resonance frequency but also the transmittances of the metasurface at the other frequencies f. The metasurface has no electromagnetic resonance at f while the adsorption of the dye molecules tunes the transmittances at f. This result reveals that the adsorption-induced wave scattering will reduce the transmittance of non-resonating metallic structures.



The metasurface in the DDLC cell with the 1.0 wt%DDLC mixture has a resonance transmittance of −27.26 dB before the irradiation of the pump beam. The pump laser is tuned off after the pump beam irradiates this cell for 150 min. The cell is put in a dry cabinet for preservation. After 60 days, the cell is measured with the terahertz spectrometer. The metasurface has a resonance transmittance of −27.26 dB after the 60 days. This result reveals that the cis → trans photoisomerization is tiny at room temperature and so does not interfere with the irradiation-induced effect.



Figure 5c presents the time-dependent resonance transmittance curves of the metasurfaces of the 1.0 wt% and 2.0 wt% DDLC cells. Figure 5c depicts that the sensitivity of the resonance transmittance of the metasurface to the irradiation time of the pump beam is increased as the concertation of the DDLC mixture is increased from 1.0 wt% to 2.0 wt%. This result arises from the fact that the amount of the adsorbed dye molecules at a given irradiation time is larger than in the 2 wt% DDLC cell than in the 1.0 wt% DDLC cell. The key performance parameter for a controllable intensity modulator is to have a large modulation depth D. D is given by an equation of D = 100% × (Tmax − Tmin)/Tmax, where Tmax and Tmin are the maximum and minimum transmittances of a metasurface at a specific frequency, respectively [12]. The metasurface in the 1.0 wt% DDLC cell has a maximum linear (decibel) transmittance of 0.0060 (−22.24 dB) at its resonance frequency, and exhibits a minimum linear (decibel) transmittance of 0.0019 (−27.26 dB) at the frequency. Therefore, the metasurface in the 1.0 wt% DDLC cell has a modulation depth of 68 %. The metasurface in the 2.0 wt% DDLC cell has a maximum linear (decibel) transmittance of 0.0056 (−22.51 dB) at its resonance frequency, and exhibits a minimum linear (decibel) transmittance of 0.0017 (−27.66 dB) at the frequency. As a result, the metasurface in the 2.0 wt% DDLC cell has a modulation depth of 70 %. The modulation depths of the metasurfaces increase with an increase in the concentrations of the DDLC mixtures. As the concentration of the DDLC mixture is increased from 2% to 3%, part of the dye powder cannot dissolve in the LC (data not shown herein). A situation in which other LCs are used in this work may increase the solubility of the dye powder in the LCs. Efforts are being made at the authors’ laboratory to develop metasurface-imbedded DDLC cells with large modulation depths, the results of which will be published in the near future.



After the irradiation of the pump beam, a metasurface-imbedded cell with a 1.0 wt% DDLC mixture is placed on a hot plate at 80 °C for various periods. The HTW114300-100 LC has a clearing temperature at 106 °C. Therefore, the DDLC mixture has a nematic phase at 80 °C. Figure 6a presents the spectra of this cell before the irradiation of the pump beam, after irradiation of the pump beam and after the heating of the hot plate for 1 h, 3 h and 5 h. This result reveals that the cell is reusable. In other words, the metasurface-imbedded cell with the 1.0 wt% DDLC mixture is an optically tunable and thermally erasable terahertz intensity modulator.



Figure 6b–d present the photos of the metasurface-imbedded cell with the 1.0 wt% DDLC mixture before the irradiation of the pump beam, after the irradiation of the pump beam, and after the heating of the hot plate for 5 h. Figure 6b,c verify that the dye molecules are adsorbed on the substrate without a polyimide layer. Figure 6d depicts that the adsorbed dye molecules are erased from this substrate after the heating of the hot plate for 5 h, and return to the DDLC mixture. This result verifies that the metasurface-imbedded cell with the 1.0 wt% DDLC mixture is an optically tunable and thermally erasable terahertz intensity modulator.



As the metasurface has the same resonance transmittance before the irradiation and after the heating, the time (temperature) for removing the adsorbed methyl red dye molecules from the irradiated surface is defined as the erasing time (temperature) of the DDLC cell. Figure 6 presents the spectra of the metasurface-imbedded cell with the 1.0 wt% DDLC mixture before the irradiation of the pump beam, after the irradiation of the pump beam, and after the heating of the hot plate for 1 h, 3 h and 5 h. The cell has an initial resonance transmittance before the irradiation of the pump beam. As the erasing time is smaller than 5 h, the resonance transmittance of the metasurface does not return to its initial value. This result reveals that an incomplete recovery of the initial state of the DDLC cell is obtained at a short erasing time.



The erasing time and temperature of the DDLC cell are 5 h and 80 °C, respectively. The erasing time and temperature can be reduced by the irradiation of a pump light with a long wavelength [13]. Efforts are being made at the authors’ laboratory to develop metasurface-imbedded DDLC cells with short erasing times and low erasing temperatures, the results of which will be published in the near future.



The manipulation of the intensities of incident electromagnetic waves can be achieved by applying voltage [14], light [15] and heat [16] to terahertz metasurfaces. The electrical, optical and thermal energies are continuously supplied to the terahertz metasurfaces because the intensities of the electromagnetic waves will return to their initial values after the removal of the voltage, light and heat. This drawback hinders the applications of the terahertz metasurfaces. This work uses the metasurface-imbedded DDLC cells to manipulate the intensities of the terahertz waves. The transmittances of the metasurfaces remain at the same values after the removal of the pump beam because the adsorption of the dye is permanent in the cells [1,2,3,4]. This result reveals that the terahertz metasurfaces exhibit low power consumption during long-term use.



Following the heating of the hot plate, the metasurface-imbedded cell with the 1.0 wt% DDLC mixture is irradiated with the pump beam for 150 min. The director reorientation is verified by inspecting this cell via a polarizing optical microscope. The transmission axis of the polarizer was set parallel to the rubbing direction (the x axis of Figure 2a) of the poly-imide layer, and a white light was incident from the rubbed surface. Figure 7a,b present the intensity images of the metasurface-imbedded cell with the 1.0 wt% DDLC mixture under parallel polarizers and crossed polarizers, respectively. Figure 7a reveals that the irradiated (non-irradiated) region appears dark (bright) as the transmission axis of the analyzer is parallel to that of the polarizer. Figure 7b reveals that the irradiated (non-irradiated) region appears bright (bark) as the transmission axis of the analyzer is perpendicular to that of the polarizer. In addition, the transmitted intensity of the white light is increased from a minimum value to a maximum value as the transmission axis of the analyzer is gradually rotated from parallel polarizers to crossed polarizers. The results in Figure 7a,b display that the adsorption of the methyl red dye molecules in the 1.0 wt% DDLC cell reorients the LC director from a homogeneous orientation to a twist nematic orientation after the irradiation of the pump beam, and the adsorbed dye molecules twist the LC director of the 1.0 wt% DDLC cell by an angle of 90°.



Figure 5a presents that the metasurface has a constant resonance frequency of 0.557 THz before and after the irradiation of the pump beam. Figure 7a,b reveal that the adsorption of the dye causes the director reorientation in the 1.0 wt% DDLC cell. Therefore, the director reorientation in this cell does not change the resonance frequency of the metasurface. The constant resonance frequency of the metasurface is due to the Mauguin condition of the cell. Consider that a linearly polarized light is normally incident to a twist nematic LC cell, and the polarized direction of the light is parallel to or perpendicular to the surface director of one of the substrates of the cell. The Mauguin condition of the twist nematic LC cell is given by [17]


    2 π Δ n d  /  λ ≫ ϕ ,    



(2)




where Δn is the birefringence of the LC; d is the thickness of the LC layer in the cell; λ is the wavelength of the linearly polarized light, and  ϕ  is the twist angle of the LC director in the cell. Equation (2) reveals that the polarized direction of the light that passes through the twist nematic LC cell is rotated by  ϕ  if the Mauguin condition is satisfied. The LC has a birefringence of 0.13 in the metasurface-imbedded cell with the 1.0 wt% DDLC mixture [9], and the LC layer has a thickness of 100 µm in the cell. The metasurface has a wavelength of 539 µm at its resonance frequency, and the twist angle of the LC director is π/2. Substituting Δn = 0.13, d = 100 µm, λ = 539 µm and  ϕ  = π/2 into Equation (2) reveals that the Mauguin condition is unsatisfied in this work. This result reveals that the terahertz waves that pass through the LC layer of the metasurface-imbedded cell have the same polarized direction before and after the director reorientation. In addition, the LC molecules near the metasurface have the same orientation before and after the irradiation of the pump beam because the polyimide layer has a strong surface anchoring energy. Therefore, the near field of the metasurface “experiences” the constant refractive index of the LC before and after the director reorientation. Equation (1) reveals that a metasurface has the same resonance frequency at a constant n. As a result, the metasurface in the 1.0 wt% DDLC cell has the same resonance frequency before and after the director reorientation.



A DDLC cell with the same geometrical structure as that in Figure 3a but without a metasurface is fabricated to verify that the adsorption of the dye in the metasurface-imbedded cell with the 1.0 wt% DDLC mixture scatter the incident terahertz wave. The cell without a metasurface is filled with a 1.0 wt% DDLC mixture. The linearly polarized pump beam from the semiconductor laser is normally incident to the DDLC cell from its substrate without a polyimide layer. After the pump beam with an intensity of 1.3 mW/mm2 irradiates the cell, the irradiated cell is placed in the chamber of the terahertz spectrometer for measuring its spectrum. Figure 8 displays the terahertz spectra of the DDLC cell without a metasurface at various irradiation times of the pump beam. The results in Figure 8 reveal that the adsorbed dye molecules on the substrate without a polyimide layer scatter the incident terahertz waves, decreasing the transmittances of the cell at all the frequencies of its spectrum. Therefore, the adsorbed dye molecules in the metasurface-imbedded cell with the 1.0 wt% DDLC mixture scatter the incident terahertz waves.



Silver nanoslits with a period of 470 nm are imbedded in a DDLC cell. Each of the silver nanoslits has a width and height of 200 nm and 70 nm, respectively. Figure 9 presents the terahertz spectrum of the nanoslit-imbedded DDLC cell. The silver nanoslits have no resonance in the terahertz region. The adsorption of the dye decreases the transmittances of the nanoslit-imbedded DDLC cell at all the frequencies of its spectrum after the cell is exposed to the pump beam for 120 min. Therefore, the adsorption-induced wave scattering reduces the transmittance of the non-resonating silver nanoslits.




4. Conclusions


This work made the metasurface-imbedded cell with the 1.0 wt% DDLC mixture. The transmittances of the metasurface at all the frequencies of its resonance spectrum are reduced by the dye molecules that are adsorbed on the substrate without a polyimide layer, and these transmittances decrease with the increase in the irradiation times of the pump beam. Therefore, the metasurface-imbedded cell is a continuously tunable terahertz intensity modulator. The transmittances of the metasurface at all the frequencies of its resonance spectrum remain at the same values after the removal of the pump beam because the adsorption of the dye is permanent on the substrate. Therefore, the terahertz metasurface that is imbedded into the DDLC cell exhibits low power consumption during long-term use. The adsorbed dye molecules are erased from the substrate after the cell is heated by the hot plate. The cell has similar spectra before the irradiation of the pump beam and after the heating of the hot plate, so is an optically tunable and thermally erasable terahertz intensity modulator. The metasurface-imbedded DDLC cell can be used to develop filters, absorbers, sensors and spectral imagers.
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Figure 1. Photoisomerization of methyl red dye molecule. 






Figure 1. Photoisomerization of methyl red dye molecule.



[image: Crystals 11 01580 g001]







[image: Crystals 11 01580 g002 550] 





Figure 2. (a) Design of SRRs of silver metasurfaces. (b) Optical microscope image of one of silver metasurfaces. 
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Figure 3. Schematic configuration of metasurface-imbedded DDLC cells (a) before and (b) after irradiation of linearly polarized pump beam. 
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Figure 4. (a) Experimental terahertz spectra of two PET substrates with metasurfaces. (b) Simulated terahertz spectrum of two PET substrates with metasurfaces. The insert presents the near-field distribution of the simulated SRR at 0.703 THz. 
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Figure 5. (a) Experimental spectra of metasurface-imbedded cells with (a) 1.0 wt% and (b) 2.0 wt% DDLC mixtures at various irradiation times of pump beam. (c) Time-dependent resonance transmittance curves of metasurfaces of 1.0 wt% and 2.0 wt% DDLC cells. 
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Figure 6. (a) Spectra of metasurface-imbedded cell with 1.0 wt% DDLC mixture before irradiation of pump beam, after irradiation of pump beam, and after heating of hot plate for 1 h, 3 h and 5 h. Photos of metasurface-imbedded cell with 1.0 wt% DDLC mixture (b) before irradiation of pump beam, (c) after irradiation of pump beam, and (d) after heating of hot plate for 5 h. 
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Figure 7. Intensity images of metasurface-imbedded cell with 1.0 wt% DDLC mixture under (a) parallel polarizers and (b) crossed polarizers. 
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Figure 8. Terahertz spectra of DDLC cell without a metasurface at various irradiation times of pump beam. 






Figure 8. Terahertz spectra of DDLC cell without a metasurface at various irradiation times of pump beam.



[image: Crystals 11 01580 g008]







[image: Crystals 11 01580 g009 550] 





Figure 9. Terahertz spectra of DDLC cell that is imbedded with silver nanoslits at various irradiation times of pump beam. The insert presents the atomic force microscope image of the silver nanoslits. 
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