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Abstract 

A flexible and reflective polarizer-free display using dye-doped liquid crystal (LC) gels is demonstrated. 
The electro-optical performances of both scattering and absorption based dye-doped LC gels depend on 
curing temperatures. The dye-doped LC gel shows good reflectance ~55%, good contrast ratio~450:1 and 
fast response~6.5ms at curing temperature 10 oC when UV curing intensity is 2.6 mW/cm2. The EO 
performance depends on the curing temperature. The hysteresis is independent of sampling time duration. 
The bending curvature is 21 mm. The response of dye-doped LC gels is faster under bending due to the 
bending-induced sheared force of polymer networks. The dye-doped LC gels open a new window for trim-
able electronic papers, decorative displays and switchable curtains. 
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1. INTRODUCTION 
 

Paper-like flexible displays are roll-able, bendable, trim-able, and conformable. The applications are 
electronic paper, electronic tag, and decorative displays[1]. Many liquid crystal (LC) technologies and non-
liquid crystal technologies have been applied to to achieve transmissive type or reflective type flexible 
displays. For example, polymer-dispersed liquid crystals (PDLC)[1-6], cholesteric liquid crystals[1,7-11], 
and single-substrate LCDs using photoenforced stratification[1,12-14] or using LC/polymer composites[15-
18], electrophoretic imaging [1,19-21], Gyricon[1,22], and organic light-emitting diode (OLED)[1,23-27].  
In liquid crystal-based flexible displays, bistability and colors of cholesteric liquid crystals limits the 
application due to the complexity of driving and color shift at off angle. By combining dye absorption and 
scattering, contrast ratio of dye-doped PDLC is poor[28-29] because the dye solubility with polymer matrix, 
the order parameter of dye and dichroic ratio (typically ~10:1) of dye are the factors to limit the contrast 
ratio of dye-doped PDLC. Recently, we have developed a new polarizer-free LCD using a dye-doped dual-
frequency liquid crystal (DFLC) gel on the ITO-only glass substrates [30-31]. Without polarizers, the 
optical efficiency is high and viewing angle is wide. Although its contrast ratio reaches ~150:1 and 
response time ~6 ms under frequency modulation, the frequency driving scheme, high driving voltage (~30 
Vrms) and unavoidable dielectric heating effect.[32-33] need to be overcome for TFT-LCDs and flexible 
displays applications.  

In this paper, we demonstrate a reflective and flexible display using dye-doped LC gels which is 
polarizer-free, fast response, high contrast. The normally white gels exhibit ~55% reflectance, ~450:1 
contrast ratio, ~6.4 ms response time, and ~30 Vrms at f=1 kHz driving voltage at curing temperature 10 oC. 
The EO performance depends on the curing temperature. The hysteresis is independent of sampling time 
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duration. The bending curvature is 21 mm. The response of dye-doped LC gels is faster under bending due 
to the bending-induced sheared force of polymer networks. A single pixel flexible reflective display using 
such dye-doped LC gels are also demonstrated under bending 

  
2. SAMPLE PREPARATION 

 
The dye-doped LC mixture consists of negative nematic liquid crystal ZLI-4788 (Merck, ne= 1.6567, 

∆n=0.1647 at λ=589 nm; ∆ε= -5.7 at f= 1 kHz) , a diacrylate monomer (bisphenol-A-dimethacrylate)and a 
dichroic dye S428 (Mitsui, Japan) at 90:5:5 wt% ratios. The dye-doped LC mixture was then injected into 
an empty cell consisting of two glass substrates or flexible substrates whose inner surfaces were coated 
with a thin conductive layer, indium-tin-oxide (ITO) on glass substrates and indium-zinc-oxide (IZO) on 
the flexible substrates, electrode and polyimide (PI) layer without rubbing treatment. The PI layer provides 
vertical alignment for the LC directors. The cell gap was 5 µm. The filled cell was irradiated by a UV light 
(λ~365 nm, I~3 mW/cm2). Both cells were cured by the UV light at a fixed temperature for 1.5 hr. After 
photo-polymerization, the formed chainlike polymer networks are along the z direction because the LC 
directors are aligned perpendicular to the glass substrates during the UV curing process, as shown in Fig. 
1(a). 

The structure and operation principles of the dye-doped LC gel are shown in Fig. 1(a) and Fig. 1(b). 
At V=0, the cell does not scatter light and the absorption is rather weak due to the vertically aligned 
polymer networks, liquid crystal directors and dye molecules. Therefore, the display has high reflectance. 
When we apply a high voltage at f= 1 kHz in the dye-doped LC gel, the negative liquid crystals and dye 
molecules are reoriented in the x-y plane, as Fig. 1(b) depicts. The polymer network scatters light strongly. 
Since the alignment layer has no rubbing treatment, the absorption has no preferred direction; therefore, the 
display appears black because of the strong light scattering and dye absorption. 
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 Fig. 1. Schematic structure of dye-doped liquid crystal display at (a) voltage-off state and (b) voltage-on state.  
 

3. EXPERIMENTAL RESULTS 
 

Figures 2 shows the morphologies of the abovementioned UV-cured dye-doped LC gels observed 
from a polarized optical microscope with a single polarizer only. The top region in Fig. 2 was applied 30 
Vrms at f=1 kHz and the bottom region was applied 0Vrms. At 30 Vrms, it shows the fine domain textures of 
the polymer networks, and red color because of dye molecules. Our LC cell shows good dark and bright 
states although the dark state up to now is redish, not truly black. 
 

30 V rms

0 V rms

30 V rms

0 V rms  
Fig. 2 The morphology of dye-doped LC gels observed from a polarized optical microscope. The curing temperature was 10 oC. 
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We use the typical reflectance measurement to measure the electro-optical properties of dye-doped 
LC gels. Because the guest-host system we employed appears dark red rather than black, we used an 
unpolarized green He-Ne laser (λ=543.5 nm, Melles Griot, Model 05-LGR-173) instead of a white light 
source for characterizing the device performances. A dielectric mirror was placed behind the cell so that the 
laser beam passed through the cell twice. A large area photodiode detector (New Focus, Model 2031) was 
placed at ~25 cm (the normal distance for viewing a mobile display) behind the sample which corresponds 
to ~2o collection angle. A computer controlled LabVIEW data acquisition system was used for driving the 
sample and recording the light reflectance. 
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Fig. 3. (a)Voltage-dependent reflectance at various curing temperature. (b) The response time of dye-doped LC gels is 
~0.4 ms for rising time and ~6 ms for decay time. Curing temperature was 10 oC. 

 
Figure 3 (a) plots the voltage-dependant reflectance of the dye-doped LC gels at different curing 

temperatures as the UV curing intensity was 3 mW /cm2. The reflectance is normalized to that of a pure LC 
cell with the same cell gaps. In Fig. 3(a), the reflectance decreases gradually as V>Vth because of the 
increase of the scattering and the absorption. As curing temperature decreases, the increases (~40% to 
~55%) of maximum reflectance at 0 Vrms result from the better vertical alignment of LC directors, dye 
molecules and polymer networks at low curing temperature. The contrast ratio (CR) is defined as 
reflectance ratio of 0 Vrms to 30 Vrms. The CR is ~450: 1 at 10 oC, 250: 1 at 20 oC, 200: 1 at 30 oC, and 300: 
1 at 40 oC. The contrast ratio decreases as T< 30oC and then increases as T>30oC. That is because the 
increase of a curing temperature results in larger polydomains; therefore, the contrast ratio and threshold 
voltage decrease. When the temperature is higher than 30oC, we found the cell has dynamic scattering to 
help rebooting the contrast ratio. The reason why the larger domain has the dynamic scattering is still 
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unclear. Response time is also an important parameter for guest-host displays. The response time of the 
dye-doped LC gels was measured using 30 Vrms squared pulses with time duration 600ms at f=1 kHz. The 
rise times and decay times of dye-doped LC gels at curing temperature 10 oC is shown in Fig. 3(b). The rise 
time is ~ 0.4 ms and the decay time is ~6 ms. A typical response time of a guest-host display is around 50 
ms. The response time of our dye-doped LC gel is ~7x faster because polymer network helps LC directors 
to relax back. 
          

Figure 4(a) plots the voltage-dependant reflectance of dye-dope LC gels under different sampling 
time duration. The hysteresis of dye-dope LC gels is independent of sampling time duration when the 
voltage is ramped up and down. Typically the hysteresis of LC and polymer composite system is larger 
with smaller sampling time duration.  The transmission spectrum of dye-doped LC gels is also shown in 
Fig. 4(b). The dye-doped LC gel shows dark red, not black at 30 Vrms 
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Fig. 4 (a)The voltage-dependant reflectance of dye-dope LC gels with increasing voltage and decreasing voltagen at 
different sampling time duration. The curing temperature was 20 oC. (b) The transmission spectrum of dye-dope LC 
gels. The curing temperature was 20 oC. 
 

To prove principles, we also fabricated a single pixel polarizer-free reflective LCD using the dye-doped 
LC gels in glass substrates, as shown in Fig. 5(a). To avoid specular reflection, we laminated a diffusive 
reflector, a white paper, on the backside of the bottom glass substrate. The ambient white light was used to 
illuminate the samples. The voltage is applied in the middle squared region which is also ITO patterned 
region. Since no polarizer is used, the optical efficiency is high and the viewing angle is not limited by a 
polarizer. A single pixel polarizer-free reflective and flexible LCD using dye-doped LC gels is shown in 
Fig. 5 (c) and (d). The flexible substrates are provided by EOL/ITRI [34-35]. IZO was over coated on the 
top of flexible substrates made by polycarbonate with thickness 120 µm. The cross shaped microstructures 
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made by photo-spacers were developed on the flexible substrates to keep the cell gap under bending. The 
width of photo-spacers is 10 µm and the pitch of photo-spacers is 430 µm. We also laminated a white paper 
as a diffusive reflector on the backside of the bottom flexible substrate. The ambient white light was used to 
illuminate the sample. The vertically aligned polymer networks can further help to maintain the cell gap 
under bending. However, the CR is slightly degraded because of two reasons: the microstructures of photo-
spacers and the UV absorption of substrates. The absorption of UV light by the flexible substrate results in 
the weaker UV intensity and slightly increases of curing temperature. Those two reasons result in slower 
response as well.  

Figure 6(a) is the transmission as a function of radius of curvature under bending at voltage-off state. 
The transmission of dye-doped LC gels is almost the same as the radius of curvature is larger than 21 mm. 
The decay time decreases when the radius of curvature is smaller than 30 mm. The reason why the faster 
response of bending dye-doped LC gels may be due to the external sheared force of the polymer networks. 
 

        
100µm100µm

 
(a)                                          (b) 

        
                  (c)                                       (d) 
 

Fig. 5. (a)A single pixel polarizer-free reflective LCD using the dye-doped LC gels in glass substrates. A white paper 
was used as a diffusive reflector. The curing temperature was 10 oC. (b) A morphology of plastic substrate observing 
under a microscopy. (c)(d) A single pixel polarizer-free reflective and flexible LCD using dye-doped LC gels at 0 and 
30 Vrms. A white paper was used as a diffusive reflector.  
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Fig. 6. (a)The transmission as a function of bending radius curvature of a single pixel dye-doped LC gels. (b) The response time 
as a function of bending radius curvature. The curing temperatures were 10 oC. 
 
 

4. CONCLUSION 
 

We have demonstrated a high-contrast and polarizer-free reflective and flexible LCDs using dye-
doped LC gels. The increase of the curing temperature resulting in larger domain sizes affects EO 
properties of dye-doped LC gels. Since no polarizer is needed, the viewing angle is wide and the brightness 
is high. The contrast ratio is 450:1 at 30 Vrms and the response time is around 6.4 ms at curing temperature 
10oC. The maximal reflectance is about 55%. The hysteresis is independent of sampling time duration. The 
curing temperature is low (<40oC) which is more favorable for the flexible displays. That is because the 
polymer networks vertical to the substrate and the micro-structures of photo-spacer help to maintain the cell 
gap during the bending. The radius of bending curvature is 21 mm. However, the issues we have to 
overcome are the high driving voltage and red color of dye-doped LC gels. Improving LC materials with 
larger value of dielectric anisotropy and dye could lower driving voltage and adjust the color. The potential 
application is electronic papers and switchable curtains. 
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