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Temperature compensated overdrive in vertically aligned liquid crystal displays Pieter J. M. Vanbrabant,1,2,a兲 Nathalie Velthoven-Dessaud,1,b兲 Jan F. Strömer,1 and Kristiaan Neyts2 1
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共Received 20 October 2008; accepted 6 December 2008; published online 29 December 2008兲 The occurrence of backflow in vertically aligned liquid crystal displays 共VA-LCDs兲 inhibits application of conventional overdrive techniques to achieve faster switching. This 共hydro兲dynamic behavior is simulated accurately by using the Leslie–Ericksen theory in a one-dimensional model. Taking the limitations due to backflow into account from these simulations, we designed overdrive schemes for VA-LCDs. The temperature sensitivity of a fixed overdrive table was eliminated by adapting the scheme to the simulated temperature variations in the dynamic behavior. Experimental verification in the 25– 75 ° C range shows that the resulting temperature compensated overdrive leads to faster switching, which is expected to be artifact free. © 2008 American Institute of Physics. 关DOI: 10.1063/1.3058714兴 Vertically aligned liquid crystal displays 共VA-LCDs兲 are very popular for mobile and television applications because of the excellent contrast ratio inherent in the homeotropic alignment1,2 and the wide viewing angles that can be obtained using multidomain structures.3,4 Overdrive techniques5 are widely used in LCDs to achieve fast switching: the pixel is driven in the first frame by a pulse V p 共overdrive voltage兲 higher in amplitude than the target voltage to obtain faster initial reorientation of the liquid crystalline molecules. The pixel is addressed in the next frame by the appropriate static voltage Vs to maintain the target transmission reached after the first frame. Such techniques are not easily applicable to VA-LCDs because their dynamic behavior can be affected by a reverse flow phenomenon,6 referred to as backflow. When a voltage step with amplitude exceeding a certain threshold VBF is applied, the initial rapid variation causes backflow, which leads to a complex reorientation mechanism 共including a twist deformation of the liquid crystal兲 and a bounced transient transmission profile,7 increasing the switching times. Therefore, the limitations due to backflow need to be taken into account as a special case when defining driving schemes to achieve fast and reliable switching. We propose to use a numerical model for simulation of the hydrodynamic behavior of VA-LCDs 共taking backflow into account兲 to design improved overdrive schemes. This can allow, for example, by predicting in advance the behavior of different liquid crystalline materials, a flexible display optimization and a reduced cost of prototyping in the early research stage compared to an experimental procedure for extraction of overdrive schemes. The option to include temperature variations in the model enables the adaptation of a conventional fixed overdrive scheme to the temperature over a wide range. This cancels the observed highly temperature dependent switching and leads to an important extension of the optimized performance of today’s LCDs in terms of frame rates, switching times, blur reduction, etc. to a wider temperature range. The designed driving schemes are veria兲
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fied experimentally in the 25– 75 ° C range to prove their applicability. We consider a monodomain VA cell filled with a liquid crystalline material with birefringence ⌬n = 0.08, dielectric anisotropy ⌬⑀ = −3.9, rotational viscosity ␥ = 185 mPa s, and, respectively, splay, twist, and bend constants K11 = 14 pN, K22 = 4.3 pN, and K33 = 15 pN at 25 ° C. The clearing temperature for nematic isotropic transition is Tc = 95 ° C. A pretilt of about 88° was obtained by weakly rubbing the polymer alignment layer. The sample was assembled with antiparallel rubbing with a cell gap of 4.2 m. The cell was studied between crossed polarizers under a microscope for the case of direct voltage driving. A MettlerToledo FP28HT hot stage was used to consider the 25– 75 ° C range. The transmission-voltage curves after one frame 共e.g., 16.67 ms, 60 Hz refresh rate兲 and in the static case are essential in the design of the overdrive scheme to determine the values V p and Vs required to switch to a certain gray scale. We propose to use a dynamic simulation model to determine these characteristics, taking backflow effects into account. This requires to consider the coupling between the director reorientation and the nematic shear flow in simulations. This is described in the hydrodynamic Leslie–Ericksen continuum theory,8,9 which describes the equations of motion for nematic liquid crystals under the assumption of an incompressible fluid, thereby incorporating the well-known elastic free energy density from the Oseen–Frank elastic theory10 of liquid crystals. To calculate the dynamic director reorientation in the test cell, the Leslie–Ericksen equations are solved numerically as described earlier by van Doorn7 for a one-dimensional geometry by the commercial simulation package DIMOS.11 The optical transmission of the cell is calculated afterward using the Jones matrix formalism.12 To describe the viscous flow properties of the liquid crystalline material in the Leslie–Ericksen theory, the four Miesowicz13 viscosity coefficients ij of the material are required as input parameters. The difficulty to measure these coefficients is notorious and increases the complexity of the model drastically. However, it is possible to estimate these coefficients
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FIG. 1. 共Color online兲 Simulated 共crossed兲 and experimental 共solid兲 transmission-voltage curves at 25 ° C 共a兲 after one frame of 16.67 ms and 共b兲 for static operation. 9



from their mutual dependency as derived by Ericksen if the value of 22 is known. As reported in previous work,14 22 can be extracted in good approximation for VA materials by fitting this value to obtain good agreement between the experimental and simulated threshold voltages VBF. Performing this procedure to calculate the ij values for the considered liquid crystalline material at 25 ° C leads to the set of coefficients 11 = 179.8 mPa s, 22 = 6.0 mPa s, 33 = 38.3 mPa s, and 12 = −33.2 mPa s. Small variations in boundary conditions at the top and bottom substrates are important for the dynamics of the VA cell.15 Therefore, we fitted the deviation in the pretilt and pretwist angles at the bottom substrate from the top substrate values for one experimental transient transmission profile at 25 ° C. Using these boundary conditions, the available datasheet parameters, and the extracted set of ij coefficients as input parameters in DIMOS, the dynamic behavior of the test cell is modeled accurately14 at 25 ° C. From these simulations of the transient optical transmission for all possible voltage transitions, the required transmission-voltage characteristics 共after one frame and in the static case兲 can be extracted for every initial bias voltage. As an example, Fig. 1 shows the transmission-voltage curves extracted from simulations obtained for switching the cell from an initial black state 共no voltage applied兲 to a voltage V. The gray scales used throughout this work were calculated for a gamma correction factor ␥ = 2.2. Parallel to the simulations, the equivalent experimental switching characteristics were recorded with a photomultiplier at 25 ° C. The resulting experimental transmission-voltage curves, shown in Fig. 1, are clearly in good agreement with the simulated results, which confirms the accurate simulation of the dynamic behavior. The transmission after the first frame 关Fig. 1共a兲兴 increases with voltage for V ⬍ VBF. For voltages V ⬎ VBF lower transmission values are obtained after one frame because of the significantly slower switching due to backflow. The voltage range of practical interest for overdrive is restricted to V p ⱕ VBF because the director configuration after the first frame is unstable for voltage steps V ⬎ VBF as the twist deformation induced by backflow will continue until the equilibrium configuration is reached. An overdrive scheme was extracted for switching between the black state and the 关75,125,175,225兴 gray scales by using only the simulated characteristics. The required overdrive voltages V p and static voltages Vs follow from Figs. 1共a兲 and 1共b兲, respectively. It follows from Fig. 1共a兲 that it is not possible to reach the 225 level after the first frame. Instead, the nonoptimum maximum applicable volt-
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FIG. 2. 共Color online兲 Experimental switching profiles at 共a兲 25 ° C, 共b兲 45 ° C, and 共c兲 65 ° C obtained by applying the overdrive scheme extracted for 25 ° C.



age V p = VBF is applied in the overdrive frame. The experimental switching characteristics corresponding to the extracted overdrive schemes are shown in Fig. 2共a兲. Excellent agreement is obtained between the experiments in Fig. 2共a兲 and the intended transitions for switching to the 关75,125,175兴 levels: the transmission reaches the target gray scale after the first frame because of the overdrive, and this transmission is maintained in the next frames. The limitation V p ⱕ VBF to avoid backflow for the transition to the 225 level leads to a delay of about one extra frame. The extracted overdrive scheme results in improved switching at 25 ° C, but this benefit is reduced or even eliminated when the same scheme is applied at higher temperatures. Figures 2共b兲 and 2共c兲 show the switching characteristics when the fixed overdrive scheme extracted for 25 ° C is applied at 45 and 65 ° C. A change in temperature clearly has a negative impact on the overdrive performance. The transmission after the first frame is too high and an offset appears in the steady state. The overshoot after the first frame increases the switching time and could lead to artifacts 共e.g., blur兲 when video content is provided on the display. We conclude that the conventional fixed overdrive scheme in VALCDs is too sensitive to temperature variations to be of practical use in high-performance mobile applications where proper display operation is required over a wide temperature range. We propose to extract a temperature specific overdrive table to eliminate the temperature sensitivity of a fixed scheme. This requires the modeling of temperature variations in the simulations, so the variation in the liquid crystalline material parameters has to be defined in the simulation model. Not much quantitative information is usually available as it is hard to measure these variations accurately. As reported in previous work,14 we extracted the variations in the dielectric permittivities ⑀储 and ⑀⬜ from capacitance measurements of the cell in the off-state CV=0 and in the limit case CV=⬁. The temperature variation in ␥ and K33 was extracted from measurements in the 25– 75 ° C range of the turn-off time off and Fredericksz threshold voltage V0, re-
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FIG. 4. 共Color online兲 Experimental switching profiles at 共a兲 45 ° C and 共b兲 65 ° C obtained using the temperature adaptive overdrive schemes for 45 and 65 ° C, respectively.
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FIG. 3. 共Color online兲 Simulated 共crossed兲 and experimental 共solid兲 transmission-voltage curves at 45 and 65 ° C 共a兲 after one frame of 16.67 ms and 共b兲 for static operation.



spectively. In agreement with the Maier–Saupe theory,16 the extracted decrease in K33 with temperature is well approximated by a linear behavior in the 25– 75 ° C range. The variation in K11 and K22 was calculated by assuming the same relative variation as found for K33. The variation in the ratio K33 / K11 and K33 / K22 with temperature is thereby neglected because we assume that these variations are small compared to the large linear variation in the elastic constants over the 25– 75 ° C interval. We extracted 22 at 75 ° C from measurement of VBF and assumed a linear decrease in 22 between the values obtained at 25 and 75 ° C. These values are used for calculation of temperature specific values of the ij coefficients.14 The variations in the ordinary and extraordinary refractive indices no and ne, respectively, are calculated from the proportionality relationship17 ⌬n ⬀ S with S the order parameter of the liquid crystalline material, which can be approximated as18 S = 共1 − T / Tc兲␤ for temperatures not too close to Tc and ␤ a material constant. We also assume that the surface conditions do not vary for the considered temperature range. The extended model can be used to develop overdrive schemes for various temperatures, taking the limitations due to backflow into account. Analogous to the characteristics in Fig. 1, Fig. 3 shows a comparison between the simulated and experimental transmission-voltage curves recorded at 45 and 65 ° C after one frame of 16.67 ms and in the static case. Similar to the results obtained at 25 ° C 共Fig. 1兲, excellent agreement is obtained between the simulated and experimental characteristics in Fig. 3, which confirms correct simulation of the temperature dependency in the model. Based on simulations covering the 25– 75 ° C range, overdrive schemes were extracted with a temperature step of ⌬T = 10 ° C. Figure 4 shows the experimental switching characteristics obtained at 45 and 65 ° C by using the temperature adaptive overdrive schemes for switching from the black state to the 关75,125,175,225兴 gray scales. Similar results as in Fig. 4 were obtained for the complete 25– 75 ° C temperature range: the extracted overdrive schemes manage to achieve transitions free of overshoot within the desired frame. Con-



sequently, by storing a set of overdrive schemes covering the required temperature range and selecting the most appropriate scheme depending on operation temperature, a temperature compensating scheme is obtained, which eliminates the temperature sensitive performance of a fixed overdrive table illustrated in Figs. 2共b兲 and 2共c兲. As a result, the optimized switching performance of today’s LCDs can be ensured over a much wider temperature range by applying the proposed compensating overdrive scheme. In conclusion, it is necessary to take into account the limitations due to backflow to optimize the switching performance of VA-LCDs. We applied a one-dimensional model including the Leslie–Ericksen theory for defining overdrive schemes. Satisfying switching can be achieved for a narrow temperature range with a conventional fixed overdrive scheme, but a change in temperature leads to increased switching times and an overshoot in transmission. By including temperature effects in simulations, overdrive schemes were extracted for various temperatures in the 25– 75 ° C range. By adapting the overdrive scheme to realize temperature compensated overdrive, the optimized switching performance of today’s LCDs can be extended to a wider temperature range. Therefore, the presented temperature compensating overdrive scheme has a high potential for application in VA-LCDs. The authors thank Gerda van de Spijker and Ronald van Rijswijk for test cell making, John R. Hughes and Eugene Boiko for discussions, Merck Darmstadt for materials, and TPO Display Corporation for support and discussions. M. F. Schiekel and K. Fahrenschon, Appl. Phys. Lett. 19, 391 共1971兲. F. J. Kahn, Appl. Phys. Lett. 20, 199 共1972兲. 3 V. A. Konovalov, A. A. Minko, A. A. Muravski, S. N. Timofeev, and S. Y. Yakovenko, J. Soc. Inf. Disp. 7, 213 共1999兲. 4 R. Lu, X. Zhu, S. Wu, Q. Hong, and T. X. Wu, J. Disp. Technol. 1, 3 共2005兲. 5 H. Nakamura, J. Crain, and K. Sekiya, J. Appl. Phys. 90, 2122 共2001兲. 6 P. Pieranski, F. Brochard, and E. Guyon, J. Phys. 共Paris兲 34, 35 共1973兲. 7 C. Z. van Doorn, J. Appl. Phys. 46, 3738 共1975兲. 8 F. M. Leslie, Q. J. Mech. Appl. Math. 19, 357 共1966兲. 9 J. L. Ericksen, Mol. Cryst. Liq. Cryst. 7, 153 共1969兲. 10 F. C. Frank, Discuss. Faraday Soc. 25, 19 共1958兲. 11 http://www.autronic-melchers.com. 12 R. C. Jones, J. Opt. Soc. Am. 46, 126 共1956兲. 13 M. Miesowicz, Nature 共London兲 158, 27 共1946兲. 14 P. J. M. Vanbrabant, N. Dessaud, and J. F. Strömer, Appl. Phys. Lett. 92, 091101 共2008兲. 15 L. Chen and S. Chen, Jpn. J. Appl. Phys., Part 2 39, L368 共2000兲. 16 W. Maier and A. Saupe, Z. Naturforsch. A 15A, 287 共1960兲. 17 J. Li, S. Gauza, and S. Wu, J. Appl. Phys. 96, 19 共2004兲. 18 I. Haller, Prog. Solid State Chem. 10, 103 共1975兲. 1 2
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