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Unusual electro-optical behavior in a widetemperature BPIII cell Hui-Yu Chen,* Sheng-Feng Lu, and Yi-Chun Hsieh Department of Photonics, Feng Chia University, Taichung, Taiwan 40724, Republic of China *[email protected]



Abstract: A low driving voltage and fast response blue phase III (BPIII) liquid-crystal device with very low dielectric anisotropy is demonstrated. To stabilize BPIII in a wide temperature range (> 15°C), a chiral molecule with good solubility was chosen. By studying field-dependent polarization state of the transmitting light, it was found that the field-induced birefringence becomes saturated in the high field. However, the transmitting intensity exhibits a tendency to increase as the electric field increases. This indicates that the electro-optical behavior in BPIII device may be from the flexoelectric effect, which induces tilted optical axis and then induces birefringence. Because the phase transition from BPIII to chiral nematic phase does not happen, the device shows no hysteresis effect and no residual birefringence, exhibits fast response, and can be a candidate for fast photonic application. ©2013 Optical Society of America OCIS codes: (160.3710) Liquid crystals; (230.2090) Electro-optical devices; (260.1440) Birefringence.
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1. Introduction An intrinsic optical-isotropic phase in liquid crystal materials is the blue phases (BPs). When the BP cell is inserted between two crossed polarizers, a perfect dark state will be detected and, in theory, the BP cell exhibits an unlimited contrast ratio for display when the BP reflection wavelength is less than the visible light. BPs usually appear in a narrow temperature region at the isotropic phase boundary and exist between the isotropic and the cholestric phases. When the LC materials are cooled from isotropic, the LC molecules are formed into double-twist cylinders (DTCs), and then these DTCs stack in the space. When the chiral nematic LC is heated from the cholestric phase, BPI appears first, and then BPII becomes stable above BPI, and finally BPIII appears. BPIII is amorphous with a short distance order of double twist alone [1, 2] and usually shows a broad and weak selective reflection spectrum. Thus, BPIII exhibits very low transmission compared to the other two BPs. Presently, there are five possible theoretical models being used to explain BPIII structure [3]. A large scale computer simulation of BPIII provides strong evidence that BPIII should be amorphous network of disclination and shows that an electric field orders amorphous BPIII in to a more ordered BP [4]. That field-induced transition to the ordered BP can be observed by detecting the reflection spectrum [5]. BP materials have been found to have great potential in fast photonic applications [6–8]. However, the blue phases usually stabilize at a very narrow temperature range, because the internal defects make the structure less stable. Of the three BPs, BPIII usually occupies a narrow temperature range of ~0.1þC just below the isotropic phase when the chirality is high enough [6, 9]. There are many ways which have been suggested to widen the BP temperature range [10–12]. Among these, the most effective way to extend the temperature range of BPI or BPII is polymer stabilization [12]. However, the polymer network cannot obviously stabilize the amorphous BPIII in a wide temperature range. Although one can use the polymer network to keep BPI or BPII stable in a very wide temperature range [12], the polymer network increases the driving voltage, the hysteresis effect and the residual birefringence [13]. In this study, we demonstrate a wide-temperature BPIII device without a polymer network. A chiral dopant with good solubility is helpful for extending the temperature range of BPIII to more than 15 °C. From the electro-optical characteristics of the BPIII, we see that the BPIII cell is a fast response photonic device with no residual birefringence, less hysteresis effect and low driving voltage. By detecting the polarization state of the transmitting light through the BPIII cell and calculating the field-induced birefringence, the field-induced birefringence increases when the applied voltage is increased. However, in the high voltage regime (>100 V) the induced birefringence becomes saturated. At the same time, the transmitting intensity continues to increase as the electric field increases. This behavior cannot be explained by the Kerr effect alone. The flexoelectric effect should be considered in BPIII. 2. Experimental setup and material preparation A nematic liquid crystal with small positive dielectric anisotropy (Δε~2.7 and Δn~0.1 at room temperature) was used as the host in this study, and was mixed with 24-wt% left-hand chiral dopant. Under this concentration of the dopant, the pitch of the LC mixture is 208 nm, such that the liquid-crystal mixture displayed optical isotropy in transmittance and reflectance. To generate the electro-optical characteristics, the mixture was filled into a 9-μm in-plane switching (IPS) test cell, where the separation and width of the electrode strip are 10 μm.
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When the chiral LC cell was cooling from a high temperature, the textures of the LC mixture recorded by reflection and transmission crossed polarization microscope were absolutely dark until 19°C. While continuously cooling the cell, BPI of a violet-blue color appeared. In order to determine the entire phase sequence of the mixture before BPI appeared, a 200-V square wave was applied to the cell above 19°C. It was found that a significant change in the transmitting intensity through the cell was observed at 35°C, and that the transmitting intensity can be switched between dark and bright states in a very short time, as shown in Fig. 1. This indicates that, in the temperature range between 35°C and 19°C, the phase of the cell is not liquid, but can be treated as the amorphous blue phase III. The total temperature range of BPIII in this sample is more than 15°C. This wide temperature range of BPIII is induced by the chiral dopant, because its solubility in nematic liquid crystal is very good, and its molecular structure is similar to the dilution used in the liquid crystals, which can reduce the viscosity and clearing point of the liquid crystals.
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3. Results and Discussion Figure 2 demonstrates the transmittance of the BPIII device affected by the in-plane electric field at 24°C. As we show in Fig. 2(a), when the electric field is null, due to the optical isotropy of the BPIII cell, the incidence light cannot pass through as the cell was inserted between two crossed polarizers. After turning on the field, the image behind the cell can be seen, as in Fig. 2(b). The electro-optical characteristics of the BPIII device are measured in Fig. 3. From the pictures, one can compare the contrast ratio of the BPIII cell.



Fig. 2. Before and After switching the transmitting states of the BPIII cell under crossed polarizers. An image was provided behind the bottom polarizer. (a) Before turning on voltage, due to the optical isotropy of BPIII, the backing image cannot be seen. (b) After turning on the 200-V square wave, the backing image appears clearly. (Media 1)



To obtain the maximum light transmittance after applying voltage, the direction of the electric field in the BPIII cell is made at an angle of 49þ with respect to the front polarizer. At low field strengths, the transmission is low, subsequently rising nonlinearly as the field increases. The transmission does not become saturated at the maximum voltage which our



#185538 - $15.00 USD (C) 2013 OSA



Received 19 Feb 2013; revised 8 Apr 2013; accepted 9 Apr 2013; published 12 Apr 2013 22 April 2013 | Vol. 21, No. 8 | DOI:10.1364/OE.21.009774 | OPTICS EXPRESS 9776



equipment can supply. Moreover, the phase transition from BPIII to chiral nematic was not seen. From Fig. 3, it can be seen that, on increasing and decreasing the electric field, there is no hysteresis effect and the original dark state is recovered when the field is turned off. The light transmission of the cell can be tuned by changing the electric field intensity, as in Fig. 3(a). The threshold field to switch from the dark to bright states is less than 5 V/μm at 20°C in Fig. 3(b). The maximum light transmission (Imax) also increases dramatically with the reduction in the temperature of the cell as shown in Fig. 1 and Table 1. We calculated the hysteresis ratio of the device at the various temperatures and provide a summary in Tab. 1.
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Fig. 3. (a) The electro-optical property of the BPIII cell at 24°C. (b) Threshold fields of the BPIII cell at various temperatures. Table 1. The hysteresis ratio in the BPIII cell (the hysteresis ratio is defined by the ratio of the transmitting intensity difference ΔI in the electric field and Imax, as hysteresis = (ΔI/Imax) × 100%).
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Fig. 4. (a) The response times of the BPIII cell at 24°C. (b) The response times of the BPIII cell at various temperatures.



By recording the electro-optical response of the cell through the crossed polarizers, the on time and off time as a function of the electric field strength at 24°C are shown in Fig. 4. The on time decreases from 1.7 ms at 10 V/μm to 1.1 ms at 20 V/μm, and does not strongly depend on the electric field strength. The off time increases slowly from 0.9 ms at 10 V/μm to 1 ms at 20 V/μm. We can conclude that the off time is almost constant at the various electric
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fields. The total response time is less than 3 ms. Comparing these experimental results with the published results of other optical-isotropic devices, the response time of our cell is faster than the BPIII cells made of bent-core nematic [11] or chiral liquid crystal oligomer [14]. The possible reasons are that low-molecular-weight nematic was used and that the viscosity of the nematic is also low. Considering these data, one may explain the electro-optical phenomena by the Kerr effect [15]. This means that the change in the light transmission is caused by induced birefringence δn, which is proportional to the square of the electric field strength according to Kerr constant K~δn/λE2 [14]. The high Kerr constant is related to the parameters of the LC material, including the high birefringence, the large dielectric anisotropy, the long pitch length, and the small elastic constant [14]. One can understand the relation between light transmission and the induced birefringence in the following equation: I ∝ sin 2 ( 2ϕ ) sin 2 (πδ n( E )d λ )



(1)



If the angle φ between the optical axis of the material and polarizer does not vary with the electric field (i.e. the optical axis does not rotate with the field), the specific wavelength of the maximum light transmission will change with the electric field, because the induced birefringence is the function of the electric field. By detecting the transmission spectra of the BPIII cell in the electric field, however, we see in Fig. 5 that the wide wavelength range of the transmission covers from 450 nm to 750 nm. The behavior of the spectra seems to not be consistent with the prediction of Eq. (1).
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In order to understand it, we use polarimetry to trace the transmitting polarization states of the BPIII cell, and then calculate the induced birefringence, as in Fig. 6. Only in the low voltage regime (< 80 V) is δn proportional to E2 (see the insert of Fig. 6). When the electric field increases, δn becomes saturated. This means that we should measure the saturated transmitted light intensity at high voltage, according to Eq. (1). However, our experimental result in Fig. 3(a) does not agree with this tendency. These independent results imply that the Kerr effect cannot completely explain the entire electro-optical behavior of the BPIII cell. By reducing the temperature of the cell close to cubic BP, a phase transition to chiral nematic is seen. Thus, we believe that the effect of the unwinding the helical director deformation might not occur, and thus the orientation of the LC director in BPIII shown in this study might still twist along two perpendicular directions. The transmitting intensity is dominated by two factors: the angle between the optic axis and the polarization state of the incident light φ and the amount of the induced-birefringence δn. From Figs. 1 and 6, we can suggest that the φ is not constant at various electric fields, and it is a function of the electric field as flexoelectric effect describes. The degree of the optic axis rotation induced by the flexoelectric effect is
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given by [16] tan ϕ = eEP K 2π , where e is the average of the flexoelectric coefficients and K is the average of the splay and bend elastic constants. We roughly calculated the rotation angle from Fig. 1. When the induced-birefringence is 0.02, the maximum rotation angle is less than 5°, because the flexoelectric coefficient of the sample used here is less than bimesogenic compounds ( e ~10 pC/m) [17]. According to the optical properties of BPIII, in the zero field, the blue phase is optical isotropy and is no prefer direction of the optical axis. After applying the in-plane field, there are at least two effects dominating the electro-optical phenomena occurring in BPIII cells, such as flexoelectric and local dielectric couplings. These effects induce an optical axis. The induced optical axis may relate to the ordered DTC orientation. Further research work to understand the mechanism of the switching in BPIII cells is still required. 0.020 0.020
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Fig. 6. The electric-field-dependence induced birefringence in the BPIII cell at 24°C, which is calculated by polarimetry. The wavelength of the incident light is 635 nm.



4. Conclusion In this study, we successfully demonstrate a residual-birefringence free optical-isotropic BPIII liquid-crystal device without a polymer network at room temperature. This device does not require alignment, exhibits an unlimited contrast ratio and shows ultrafast response speed. From the experimental results, this device can work at a wide temperature range, including room temperature. The light intensity increases with the decrease in temperature or with the enhancement of the electric field. According to the behaviors of the transmittance and the induced birefringence with the electric field, the Kerr effect can only be used to explain a part of the experimental results. The entire mechanism of the switching process in the BPIII cell is not clear, but we are carrying out different experiments to understand it. Acknowledgment The authors would like to thank the National Science Council of the Republic of China for financially supporting this research under Grant No. NSC 101-2112-M-035-001-MY3.
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