
The complete reflectance vs. wavelength curves are shown in Fig. 5 for both the field-off state (0V) and the
field-on state (2.6V). From Fig. 5, we find at the field-off state, the reflectance vs. wavelength of both curves are
identical. But at the field-on state, the reflectance of the RTN cell is 10% greater than that of the 45o  cell.

To verify our theoretical simulation, two groups of
sample cells were fabricated, one with 52o twist and the other
with 45o twist. Their measured RVCs for 514nm wavelength
are shown in Fig. 6. Also their reflectance vs. wavelength
curves are shown in Fig. 7. The agreement between theory and
experiment is good. The slight deviation in the threshold
voltage is because of the refractive index uncertainty.

OPTIMIZED MTN MODE

The MTN mode is normally black as shown in Fig. 3.
There are also 3 parameters ( , , )φ α d∆n  for the MTN cell.
For a given twist angle φ , we used a 2-D search within a
proper range of ( , )α d∆n  for finding the best operating points
of the MTN display. Fig. 8 shows the 1st order maximum
reflectance of the MTN display as a function of the twist
anglesφ . From Fig. 8, it can be seen that the efficiency of the
MTN mode decreases gradually when the twist angle is larger

than 70° . Moreover, it is found that for low twist angles, the d n∆  required becomes quite small. This will lead
inevitably to difficult cell fabrication as well as a poor dark state. So we shall concentrate on the range of φ = °60  ~
90°  for optimizing the MTN mode. For the ideal case of no light loss, φ = °90  yields a reflectance of 89%, while for
theφ = °80  MTN cell, 97% reflectance is obtained.

Fig. 9 shows the α− d n∆  parameter space for the MTN mode. The contour lines of constant reflectance are
in steps of 0.1. The values of φ are 60° , 70° , 80° , and 90°  respectively. A, B, C and D are the possible static
operating points of the 60° , 70° , 80° , and 90°  MTN cells. Through  the  further  refinement, we select some best
operating points for different twist angles. Their ( , , )φ α ∆nd  values are ( , ,60 5° − ° 0.19),   ( , ,70° °7 0.22),
(80 ,15 ,0.24)° °  and  20 ,0.25)( ,90° ° . The optimization wavelength is 550nm. The d∆n values are given in µm.

Fig.10 shows the reflectance vs. wavelength characteristic of these cells. From Fig.10 we find that at the
voltage-off state the RVCs for the cells of 60° , 70° , 80° , are about 10% higher than that of the 90°  cell.
Moreover, it can be seen that in all cases, the dark states are very nondispersive, which is a major characteristic and
advantage of the MTN mode [9].

We plot the RVCs of the (80 ,15 ,0.24)° °  MTN cell in Fig. 11. R, G and B represent red, green and blue
lights at 650nm, 550nm and 450nm respectively. Compared with the RVCs of the  90°  MTN cell, we find that the
reflectance of 80° MTN in Fig.11 is higher while the dispersion is similar. Thus, the light efficiency of the 80°
MTN cell (40% for G light) is higher than that of the 90°  MTN cell (35% for G light). The RVCs of the 60°  and
70°  MTN cells have also been simulated. Their reflectance is also higher than that of 90°  MTN cell, but their
voltage-on states are not very dark and also their d n∆  values are too small to fabricate. After considering these
constrains, we believe that (80 ,15 ,0.24)° °  represents the optimal MTN cell.
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Fig. 9 α−d∆n parameter space for RLCDs. The contour lines of constant reflectance are in steps of 0.1. The values
of φ are fixed at 60° , 70° , 80° , and 90°  respectively.

To verify the theoretical simulation, sample cells for the optimal 80o and the 90°  MTN cells were made.
We used a mixture of MLC 5300 and MLC 5400 to get the exact ∆n . The cell gap was controlled by 2.2µm
spacers. Fig.12 shows the spectral responses of these sample cells. In Fig.13, the RVCs for white light are also
given. From Fig.12 and Fig.13, we found that the optimal 80o MTN cell has 10% higher light efficiency than that of
90°  MTN cells.

For the MTN mode, the largest d n∆  is about 0.24µm for the 90°  MTN cell. The smallest d n∆  is about
0.18µm for the 60°  MTN cell. When the cell twist angle becomes smaller, the operating voltage becomes higher
and higher. For the 60° , 70° , 80°  and 90°  MTN cells, through numerical simulations, we found that when the
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Fig.12 The experimental RVCs of optimal and 90°
MTN cells at voltage-on and off states.
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dark state operating voltage is 4V, their white light contrast ratio will be 15, 21, 32 and 65 respectively. If we
increase the operating voltage to 6 V, their white light contrast ratio will be 37, 53, 78 and 116 respectively. Such
thin cell gap (normally about 2-3µm) cannot usually operate at such voltages due to cell shorting. Special techniques

Voltage
Cell parameters 4V 5V 6V
70 0 28 22° °, . , 36 68 74
70 031 30° °, . , 74 96 106
70°  MTN 20 37 52
90°  MTN 65 103 115
60°  SCTN 76 100 111

Table 1 Contrast ratios of different cells under
operating voltages of 4V, 5 V, and 6 V.



have to be adopted to eliminate the electrical shorting problem. The thin cell gap also makes the cell difficult to
manufacture. The high dark state operating voltage also makes the cost of the LCD driver higher. Thus, new RLCD
with thicker cell gaps and lower operating voltages should be developed.

Recently, Yang proposed a new SCTN mode [10]. In this SCTN mode, the dark state can be obtained at a
low operating voltage. However, the color dispersion for this SCTN cell is quite serious. Actually, the SCTN mode
is the same as the MTN mode except that a different TN-ECB maximum is used as the static operating point as
indicated in Fig. 3. Fig. 9 shows the static working point (point Aí) of the SCTN mode. As seen in Fig. 9, the
positive and negative TN-ECB modes (Aí and A) merge into one region. Any point in this A-Aí region and likewise
the B-Bí region can serve as the static operating point for the SCTN mode. The RVCs of the cells with the
parameters ( , , )70° ° 30  0.31  and ( , , )60° ° 30  0.33  are plotted in Fig. 14 and Fig. 15 respectively. Fig. 15
actually corresponds to the SCTN mode of Yang, while Fig. 14 corresponds to a new ìhybridî TN-ECB mode.
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Fig.15 Reflectance vs. voltage relation of different
parameters combinations ( , , )60° ° 30  0.33

Comparing the RVCs in Fig. 14 and 15, we find that the color dispersion of the new TN-ECB is much
better than that of the SCTN.As a comparison, we list the contrast ratios of the MTN, SCTN and TN-ECB cells
under different operating voltages in Table 1. One can select different parameter combinations to satisfy various
needs of either low operating voltage or high contrasts. When d n∆ = 031. µm, for ∆n = 0 065. , the cell gap will be
5µm, which is easily manufacturable. The dark operating voltage will be 4 V for a 74 contrast ratio.

RSTN MODE

By varying α, φ and d n∆  near the second TN-ECB minimum, it is possible to obtain a NW reflective mode
with 100% light efficiency and low dispersion. In searching the parameter space, we concentrate on φ near 200-240o

since this corresponds nearly to the common STN mode. The same optimization procedure as the RTN was used in
optimizing the RSTN. Fig. 16 shows the calculated and experimental RVC for such an optimized RSTN. The
experimental cell was fabricated in the usual manner with a 4-bottle LC system in order to adjust the d n∆  value. It
can be seen that the RVC of the RSTN is rather sharp. A steepness coefficient of 1.2 can be obtained implying a



multiplexing capability of 30 lines. The threshold voltage is also reasonable. This RSTN therefore should be useful
for pagers and PDA applications.

Figure 17 shows the dispersion curve for this RSTN. The dotted line is the experimental result while the
solid line is the theoretical simulation. It can be seen that the agreement between them is rather good. More
importantly, it can be noted that the RSTN is much more wavelength independent than a comparable STN display
without film compensation. Typically the yellow mode of a STN has a 50% variation in reflectance in the visible.
The RSTN on the other hand has only a 20% variation. Hence the RSTN can be used to make a good B/W display.
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Fig.16 Comparison of experimental and theoretical
RVC for the RSTN display.
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Fig.17 Comparison of experimental and theoretical
reflectance spectra for the RSTN display.
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Fig.18 The reflectance vs voltage curve using the
conditions of point A in Fig.2
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For higher mux numbers, the 200o cell does not provide a steep enough RVC. Fig.18 shows the case of a
240o twist cell with d n∆  = 0.85µm and α = 6o. It can be seen that a threshold voltage of 2.25V is obtained,
followed by a sharp drop in reflectance. The steepness of this RVC is good enough for multiplex applications
similar to transmissive STN. The Vns is about 2.25 V and Vs = 2.55 V. Thus Vs/Vns ≤ 1.13, implying that a 100 lines
multiplexing panel can be obtained. Another important observation about Fig. 18 is that R reaches to nearly 0%
over a wide voltage range. Green light at 550 nm was assumed in this calculation. The complete reflectance spectra
are shown in Fig. 19 for of 2.25 V, 2.30 V, 2.40 V, 2.50 V and 2.55 V respectively. It shows much lower dispersion
as compared to conventional STN displays.

The significance of the results presented in Fig. 16-19 is that (1) A good contrast can be obtained with this
new RSTN display. (2) The dispersion of the reflectance is excellent. It is better than transmissive STN LCD
without film compensation. (3) High multiplexing of 100 lines can be obtained. We believe that after further
optimization, higher multiplexing can be possible. This RSTN can replace conventional STN in many applications.

CONCLUSIONS

In this paper, we showed that by introducing the recently developed parameter space diagrams [14], many
reflective twisted nematic modes that have excellent optical properties could be found. These new modes are related
to the literature RLCD modes through a systematic variation of the LCD parameters. For the low twist case, it is
called the RTN mode. This RTN has a mild reflectance-voltage behavior and is suitable for active matrix LCD. It is
also ideally suitable for reflective projection displays.

The higher twist angle RSTN modes have twist angles near 200o and 240o. They are highly multiplexable
and are suitable for passive matrix direct view LCD. Unlike the MTN mode, they do not require any quarterwave
retardation plates for NW operation. Hence single polarizer sheet can be used in making a reflective display without
backlighting. This display mode is suitable for PDA and pager applications.

We also showed an optimization of the MTN mode in this paper. The optimized MTN cell have high light
throughput efficiency. In order to lower the operating voltage of the dark state and increase the cell gap, we also
presented a modified SCTN mode which is just another TN-ECB mode. This new TN-ECB has large cell gap, low
color dispersion and low operating voltage. It is quite suitable for crystal silicon CMOS driven active matrix LCD
where the second polarizer cannot be applied.
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