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Abstract — Refractive indices of two photocurable polymers, NOA65 and NOA81 (Norland Optical
Adhesive), and two series of Merck liquid crystals, E-series (E44, E48, and E7) and BL-series (BL0O38,
BLOO3 and BL006), and two UCF high-birefringence liquid-crystal mixtures were measured using an
Abbe refractometer in the visible spectral region and 15-55°C temperature range. Some liquid crystals
have excellentindex matching with NOA65 in the red, while some fit better in the blue spectral region.

To validate this index-matching property found in the material level, we prepared some polymer-dis-
persed liquid-crystal devices. Good correlations between material and device performances are

obtained.
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1 Introduction

Polymer-dispersed liquid crystal (PDLC) and polymer-sta-
bilized liquid crystal (PSLC) are useful for displays,h4 tun-
able wavelength filters,5~7 tunable liquid-crystal lenses,39
and polarization-independent phase modulators.!0 In a
PDLC, the refractive-index difference between the LC
droplets and polymer matrix plays an important role in de-
termining the voltage-off and voltage-on state transmit-
tance. In a normal-mode PDLC, the droplet size is
controlled at ~1 pm, which is comparable with the visible-
light wavelength. In the voltage-off state, the droplets are
randomly oriented. The index mismatch between the LC
(whose average refractive index is given by (n) = (n, +
2n,)/3) and polymer matrix (np) affects the light-scattering
capability. For a given droplet size, the larger the index mis-
match, the higher the light scattering. Conversely, in the
voltage-on state the LC directors inside the droplets are reori-
ented along the electric-field direction so that the refractive
index becomes n,; the ordinary refractive index. If n,, ~ ny,
then the PDLC becomes isotropic and will have an excellent
transmittance. Therefore, the preferred LC material for
PDLC is not only high birefringence (An = n, —n,) but also
good index match between n, and n,. In a PSLC system,
polymer networks help to improve response time !l A good
index match would reduce light scattering.

In this paper, we compare the refractive index of cured
polymers with liquid crystals at different wavelengths and
temperatures. In Section 2, the fabrication method of the
thin cured polymer films is briefly described. The refractive
index of the cured polymer films (NOA65 and NOAS1) and
six nematic liquid crystals (BL038, BL006, BL0O03, E4S,
E44, and E7) were measured using a multi-wavelength
Abbe refractometer. In Section 3, we compare the refractive
index between NOA 65 and these six commercial liquid
crystals, and NOASI1 with two UCF high birefringence mix-
tures: UCF-1 and UCF-2. In Section 4, we fabricate some
PDLC cells using the four selected index-matched LC mix-

tures in the NOAG5 polymer system and characterize their
electro-optic properties at A = 633 nm. In Section 5, we
obtain good correlation between material and device per-
formances.

2  Measurements of refractive indices

NOAG65 (Norland Optical Adhesive) is a commonly used
photocurable polymer because its refractive index (np ~
1.52) is close to the n,, of many commercial LC mixtures. On
the other hand, NOASI has a higher refractive index (np ~
1.56), which is close to the n, of our UCF high-birefrin-
gence LC mixtures. In this study, we compare the refractive
indices of NOAG65 with six Merck LC mixtures, and NOAS]1
with two UCF high birefringence LC mixtures using a mul-
tiwavelength Abbe refractometer (Atago DR-M4). Before
UV curing, NOAG5 and NOAS] are clear and colorless lig-
uids. The measurement of the monomers is fairly simple.
However, in a practical device, such as a PDLC, all the
monomers are cured to form a polymer matrix. Therefore,
it is more meaningful to measure the refractive index of the
cured polymers than the monomers.

In order to fabricate a polymer film, we infiltrated the
monomers into an empty cell with a 1-mm gap using capil-
lary flow. The cells were placed on a hot plate with a con-
stant temperature (T ~ 50°C). Then, we illuminated the cell
with a uniform UV light (I = 14 mW/cm?, A ~ 365 nm) for
40 minutes because of the large cell gap. We then peeled off
the glass substrates and removed the thick polymer film under
a high temperature (T ~ 120°C). The film was kept in a stove
with a constant temperature of 50°C for 12 hours to age
completely. The cured polymer film of NOAG5 is quite flex-
ible, while the cured NOAS1 is a little rigid. In order to get
an accurate measurement, we cut the films into rectangular
parallelepipeds of the following dimensions: 15 mm long, 9
mm wide, and 1 mm thick. The bottom surface of the sam-
ples was polished so that it made contact with the main
prism surface of the Abbe refractometer completely. First,
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FIGURE 1 — The experimental setup for measuring the refractive index
of cured polymer films: NOA65 and NOAS81.

we put a small drop of contact liquid (monobromo-
naphthalene) on the main prism, then put the sample on and
ensured the contact liquid spread evenly between the sam-
ple and the main prism. It is important to get rid of any dust
and bubbles between the solid sample and the main prism.
A lighting glass was used to compensate for the weak light
because the samples are thin. Similarly, we spread a small
amount of the contact liquid on the top surface of the sam-
ple and put the lighting glass on top of the contact liquid.
The thin contact liquid should spread evenly between the
sample and the lighting glass. Now the contact liquid is
sandwiched as films between the main prism and the sample
and between the sample and the lighting glass. The incident
light entered the sample slightly aslant from the upside.
Figure 1 shows the experimental setup for measuring
the cured polymer films. By moving the lighting glass to the
front and rear, pressing the lighting glass to the sample by
fingers, and adjusting the height and angle of the light
guide, we found a clear and correct boundary line. This is
the sign for the accurate measurements using the Abbe refrac-
tometer. We measured the refractive indices of LCs and
polymers at six wavelengths: 450, 486, 546, 589, 633, and
656 nm. By connecting a constant circulating temperature
bath (Atago 60-C3) with the Abbe refractometer, we meas-

TABLE 1 — The measured refractive index of cured NOAG65 film at A =
450, 486, 546, 589, 633, and 656 nm at different temperatures.

Y A (nm)
T(C) 450 486 546 589 633 656

20 1.5396 1.5352  1.5301 1.5275 1.5255  1.5243
25 1.5391 1.5347  1.5296 1.5270 1.5250  1.5239
30 1.5386 1.5343 1.5292  1.5266 1.5246  1.5235
35 1.5377 1.5335  1.5282 1.5254 1.5233  1.5225
40 1.5363 1.5324  1.5272  1.5245 15222  1.5214
45 1.5352 1.5311 1.5261 1.5235 1.5211  1.5204
50 1.5340 1.5305  1.5248 1.5223 1.5202  1.5192
55 1.5330 1.5298  1.5243 1.5217 1.5194  1.5187
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FIGURE 2 — Wavelength- and temperature-dependent refractive index
of cured NOA65. The squares, circles, upward triangles, downward
triangles, diamonds, and pentagons represent the measured refractive
index of NOA65 at A = 450, 486, 546, 589, 633, and 656 nm,
respectively. Solid lines are fittings using Eq. (1) and the fitting parameters
are listed in Table 1.

ured the temperature-dependent refractive index of the
samples from 15 to 55°C at 5°C intervals.

Figure 2 shows the wavelength- and temperature-
dependent refractive index of the cured NOAG65 polymer.
The squares, circles, upward triangles, downward triangles,
diamonds, and pentagons represent the measured refractive
index of NOAG5 at A = 450, 486, 546, 589, 633, and 656 nm,
respectively. In Fig. 2, we find the refractive index of
NOAG65 decreases linearly as temperature increases at a
given wavelength:

n(T) = A — BT, (1)

where the A and B coefficients in Eq. (1) are constant at a
given wavelength. The fitting values of A and B are listed in
Table 2. This linear decrease with increasing temperature
might be related to the isotropic nature of NOAG65. As the
temperature increases, the density of most of the isotropic

TABLE 2 — The fitting parameters for the refractive index [Eq. (1)] of
NOA65 and NOA81 at A = 450, 486, 546, 589, 633, and 656 nm.

NOAG65 NOAS1

A (nm) A B(K™") A B (K™
450 1.5983  1.98x10° 1.6305  1.68x10"
486 1.5841  1.65x10" 1.6110  1.20x10™
546 1.5828 1.78x10™ 1.5988  1.01x10"
589 1.5797  1.77x10™ 1.5995  1.13x10"
633 1.5801  1.86 X107 1.6039  1.36x10"
656 1.5758  1.74x10™ 1.5994  1.25x10"
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FIGURE 3 — Wavelength- and temperature-dependent refractive index
of cured NOA81. The squares, circles, upward triangles, downward
triangles, diamonds, and pentagons represent the measured refractive
index of NOA81 at A = 450, 486, 546, 589, 633, and 656 nm,
respectively. Solid lines are fittings using Eq. (1) and the fitting parameters
are listed in Table 3.

organics decreases which, in turn, causes the refractive in-
dex to decrease linearly.

Figure 3 shows a similar plot for NOASL. The squares,
circles, upward triangles, downward triangles, diamonds,
and pentagons represent the measured refractive index of
NOASI at A = 450, 486, 546, 589, 633, and 656 nm, respec-
tively. Similarly to NOAGS5, the refractive index of NOAS1
decreases linearly as the temperature increases. The solid
lines in Fig. 3 are fittings using Eq. (1) and the fitting
parameters are listed in Table 2. We also measured the
wavelength- and temperature-dependent refractive index of
NOAG5 and NOASI in the monomer state. After UV curing,
the refractive index of the cured polymers increases 1.7%
and 2.2% for NOA65 and NOASI, respectively. This slight
refractive-index increase originates from the increased den-
sity of the polymer after cross-linking.

For a normal-mode PDLC, the light scattering in the
voltage-off state depends on the LC birefringence; the
higher the birefringence, the higher the scattering effi-
ciency. In the voltage-on state, the transmittance depends
on the refractive index match between the LC (n,) and the
polymer matrix (np). If n, ~ ny, then the on-state will be
highly transparent. After having measured the n;, of NOA65,

TABLE 3 — The measured refractive index of cured NOA8T film at A =
450, 486, 546, 589, 633, and 656 nm at different temperatures.

Y A (nm)
T(°C) 450 486 546 589 633 656

20 1.5814 1.5759  1.5692 1.5662 1.5645  1.5627
25 1.5803 1.5752  1.5689 1.5658 1.5634  1.5621
30 1.5797 1.5744  1.5681 1.5652 1.5628  1.5617
35 1.5786 1.5739  1.5677 1.5644 1.562 1.5607
40 1.5782 1.5735 1.5673  1.564 1.5615  1.5603
45 1.5769 1.5729 1.5668 1.5634 1.5608  1.5594
50 1.5762 1.5721 1.5662 1.5629 1.5603  1.5586
55 1.5754 1.5716 1.5657 1.5623 1.5595  1.5583

we selected two commercial high birefringence LC series
with their n, close to n,. The two LC series are BL-series
(BL03S, BL006, and BL003) and E-series (E48, E44, and
ET7). To measure the refractive indices, we aligned the LCs
perpendicular to the main and secondary prism surfaces of
the Abbe refractometer by coating these two surfaces with
a surfactant comprising of 0.294 wt.% hexadecyletri-
methyle-ammonium bromide (HMAB) in methanol solu-
tion. The measured extraordinary (n,) and ordinary (n,)
refractive indices of E48, E44, E7, BL038, BL006, and
BLO003 are listed in Tables 5-10, respectively. From this
data, we find that n, always decreases as temperature increases,
whereas n, declines modestly first and then increases after
the temperature passes the crossover temperature.12 The
average refractive index (n) [which is defined as (n, + 2n,)/3]
also decreases linearly as temperature increases.!3
The wavelength-dependent refractive index of the
UV-cured polymers can be described by the extended
Cauchy equation,14*16
n)=A+ 24 C
2ot
Here, A, B, and C are Cauchy coefficients which are con-
stant at a given temperature.

(2)

3 Refractive-index comparisons

NOASL (n) ~ 1.56) has a higher refractive index than
NOAG65 (np ~ 1.52). For a linearly conjugated LC, a high n,
often leads to a high An. Most of the commercially available

TABLE 4 — The fitting parameters for the refractive index [Eq. (2)] of NOA65 and NOAS81 and the ordinary refractive index of E48, E44,

E7, BL0O38, BLO0O6, BLOO3, UCF-1, and UCF-2 at _ = 20°C.

Cauchy

coefficients NOA65 ~ E48 E44 E7 BL038 BL006 BL003 NOA81  UCF-1 UCE-2
A 1.5130 1.5027 1.5018 1.4995 1.5042 1.5034 1.5056 1.5519 1.5439  1.5422
B (um?)  0.0045 0.0055 0.0089 0.0068 0.0065 0.0085 0.0057 0.0036 0.0038  0.0043
Cum? 1.8X10" 56x10%  10X10* 4.1X10% 47x10%  1.9X10%  59X10* 49X10* 0.0019 0.0018
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TABLE 5 — The measured refractive indices (n, and n,) of E48 at A = 450, 486, 546, 589, 633, and 656 nm at different temperatures.

A (nm)

T 450 486 546 589 633 656
“C) n, ", 75 1, Ne 78 Ne 78 78 7 78 78
15 1.8209 1.5399 1.7969 15366 1.7715 1.5282 1.7593 1.5239 1.7503 1.5204 1.7463 1.5195
20  1.8151 1.5391 1.7912 1.5360 1.7660 1.5274 1.7539 1.5233 1.7451 1.5197 1.7408 1.5186
25 1.8086 1.5384 1.7850 1.5353 1.7601 1.5268 1.7481 1.5225 1.7391 15188 1.7354 1.5175
30 1.8017 1.5403 1.7782 1.5342 1.7542 1.5261 1.7423 1.5217 1.7335 15180 1.7298 1.5165
35 1.7942 15403 1.7720 1.5345 1.7478 1.5255 1.7362 15214 1.7275 15176 1.7235 1.5161
40 17869 1.5406 1.7649 1.5337 1.7411 1.5252 1.7298 1.5206 1.7210 1.5172 1.7169 1.5158
45  1.7780 1.5395 1.7575 1.5336 1.7338 1.5250 1.7226 1.5206 1.7140 15168 1.7106 1.5156
50 1.7704 1.5399 1.7489 1.5339 1.7263 1.5250 1.7152 1.5205 1.7071 1.5167 1.7034 1.5151
55 1.7608 1.5392 1.7399 1.5343 1.7176 1.5252 1.7070 1.5207 1.6989 1.5170 1.6949 1.5156

high birefringence (An ~ 0.20-0.28) liquid crystals have
n, ~ 1.50-1.52. These are the mixtures of cyano-biphenyls
and cyano-terphenyls, e.g., Merck E-series and BL-series.
Only some high birefringence (An = 0.4) LCs have n, >
1.55. These are mainly isothiocyanato-tolane mixtures, e.g.,
UCF-series. Thus, we compare the index matching of some
Merck E-series (E7, E48, and E44) and BL-series (BL.003,
BLO006, and BL038) liquid crystals with NOAG65, and some
high birefringence UCF mixtures (UCF-1 and UCF-2) with
NOASI.

Figure 4 shows the measured refractive index of the
UV-cured NOAG5 and the ordinary refractive index of E48,
E44, and E7, as a function of wavelength at T' = 20°C. The
filled circles, open squares, upward triangles, and down-

ward triangles are the measured ordinary refractive index of
NOAG5, E48, E44, and E7, respectively. The respective
solid lines represent the fittings of each material using the
extended Cauchy model [Eq. (2)]. The fitting parameters A,
B, and C are listed in Table 4. From Fig. 4, E48, E44, and
E7 all have a reasonably good index matching with NOAG5.
The mismatch is within 0.005 at A = 550 nm. More specifi-
cally, E44 has the best match in the red spectral region while
E7 and E48 have the best match in the blue region. In the
green region (A = 546 nm), E44 has a slightly higher index,
while E7 and E48 are slightly lower than NOAG5, but the
difference is in the third decimal.

Figure 5 shows the refractive index of the cured
NOAG65 and the ordinary refractive index of BL.038, BLOO0G,

TABLE 6 — The measured refractive indices (n, and n,) of E44 at A = 450, 486, 546, 589, 633, and 656 nm at different temperatures.

A (nm)
T 450 486 546 589 633 656

“C) n n, 7n 1, N, n, N, M, N, M, N, n,

15 1.8652 1.5509 1.8393 1.5429 1.8102 1.5338 1.7960 1.5295 1.7856 1.5259 1.7807 1.5245
20 1.8607 1.5485 1.8339 1.5415 1.8048 1.5330 1.7906 1.5285 1.7806 1.5245 1.7760 1.5233
25 1.8539 1.5478 1.8279 1.5408 1.7993 1.5322 1.7855 1.5275 1.7754 1.5242 1.7709 1.5221
30 1.848 1.5491 1.8221 1.5407 1.7934 1.5315 1.7800 1.5269 1.7699 1.5233 1.7653 1.5222
35 1.8408 1.5464 1.8155 1.5393 1.7874 1.5308 1.7742 1.5262 1.7643 1.5226 1.7595 1.5213
40 1.8338 1.5474 1.8089 1.5391 1.7809 1.5296 1.7679 1.5251 1.7579 1.5217 1.7533 1.5198
45 1.8262 1.5464 1.8018 1.5389 1.7747 1.5298 1.7614 1.5250 1.7516 1.5208 1.7473 1.5196
50 1.8192 1.5468 1.7948 1.5384 1.7679 1.5291 1.7547 1.5246 1.7454 1.5211 1.7410 1.5198
55 1.8111 1.5464 1.7871 1.5384 1.7604 1.5289 1.7480 1.5244 1.7384 1.5202 1.7343 1.5189
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TABLE 7 — The measured refractive indices (n, and n,) of E7 at A = 450, 486, 546, 589, 633, and 656 nm at different temperature.

A (nm)
T 450 486 546 589 633 656

(°C) n. Mo He Mo He M, M, 7» 7, Mo He M,

15 1.817 15435 1.7921 1.536 1.7664 1.5273 1.7542 1.523 1.7446 15197 1.7407 1.5179
20 1.8084 1.5431 1.7847 1.5357 1.7589 1.5269 1.7466 1.5227 1.7378 1.5188 1.7338 1.5177
25  1.8005 1.5424 1.7763 1.5353 1.7512 1.5268 1.7394 15225 1.7305 15189 1.7263 1.5176
30 17909 1543 17679 1.5357 1.7433  1.5271 17317 15226 1.7229 1.5189 1.719  1.5177
35 17811  1.5448 1.7581 1.5369 1.7344 15277 1.7231 1.5231 17142 15191 1.7102 1.5179
40 17695 1.547 17472 15383 1.7237 1.5287 17124 15239 17037 1.5205 1.7001 1.5189
45 17549 15491 17333 1.5406 1.7109 1.5308 1.7001 1.5261 1.6919 1.5221 1.6882 1.5206
50 17355 15538 17154 1.5449 1.6941 1.535 1.6837 15299 1.6761 1.526 1.6721 1.5246
55 1.6936  1.569  1.6779 1.5588 1.6601 1.5479 1.6511 1.5428 1.644 1.5377 1.6405 1.5353

and BLOO3 as a function of wavelength at T = 20°C. The
filled circles, open squares, upward triangles, and down-
ward triangles are the measured ordinary refractive index of
NOAG65, BL038, BL006, and BL003, respectively. The solid
lines represent the fittings of each material using the extended
Cauchy model [Eq. (2)]. The fitting parameters are listed in
Table 4. In Fig. 5, BL038, BL006, and BL0O03 have a similar
trend in n,(A). The index matching with NOAG5 is pretty
good in the green and red spectral regions. A larger devia-
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FIGURE 4 — Wavelength-dependent refractive index of NOA65 and the
ordinary refractive index of E48, E44 and E7 at T = 20°C. The open
squares, upward triangles, filled circles, and downward triangles are the
measured refractive index of E48, E44, NOA65 and E7, respectively. The
solid lines represent the fittings using the extended Cauchy model [Eq.
(2)]. The fitting parameters are listed in Table 4.

tion is observed in the blue region, but the difference is still
in the third decimal.

The ordinary refractive index of NOAS1 is larger than
NOAG65. The measured value of NOAS1 at A = 589 nm and
T = 20°C is 1.5662. No commercially available LC mixtures
have such a high n,,. We have formulated two new LC mixtures
designated as UCF-1 and UCF-2 whose ordinary refractive
index matches with NOASI. Figure 6 shows the refractive
index of the cured NOAS81 and the ordinary refractive index
of UCF-1 and UCF-2 as a function of wavelength at T =
20°C. The filled circles, open squares, and upward triangles
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FIGURE 5 — Wavelength-dependent refractive index of NOA65 and the
ordinary refractive index of BL0O38, BLO06, and BL0OO3 at T = 20°C. The
open squares, upward triangles, filled circles, and downward triangles
are the measured refractive index of BLO38, BLO06, NOA65 and BLOO3,
respectively. The solid lines represent the fittings using the extended
Cauchy model [Eq. (2)]. The fitting parameters are listed in Table 4.
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0.65

are the measured ordinary refractive index of NOASI,
UCF-1, and UCF-2, respectively. The solid lines represent
the fittings of each material using the extended Cauchy
model [Eq. (2)]. The fitting parameters are listed in Table 4.
In Fig. 6, the n, of UCF-1 and UCF-2 match well with that
of NOASI in the red region. As the wavelength gets shorter,
the deviation increases gradually. This is because the longest
electronic absorption band of the high birefringence LCs
usually extends to Ay ~ 350-nm region.!” In the blue spec-
tral region, the resonance effect to the refractive index is
more pronounced because the wavelength is closer to Ag.

TABLE 8 — The measured refractive indices (n, and n,) of BLO38 at A =

In a PDLC system, good index matching (n, ~ np)
between the employed polymer and liquid crystal helps to
improve the transmittance in the voltage-on state. On the
other hand, a larger index mismatch ((n) > np), i.e., a higher
birefringence LC enhances the light-scattering efficiency in
the voltage-off state. However, refractive-index match or
mismatch is not the only factor deciding the PDLC
performance. UV stability of liquid crystals and miscibility
between polymers and liquid crystals also play important
roles affecting the PDLC properties. As we discussed
before, the E-series and BL-series liquid crystals all have a
good index match with NOA65. All these six liquid crystals
are good candidates for PDLC application when NOAGS5 is
used. In the visible spectrum, E48 and E7 have very similar
ordinary refractive index at T = 20°C, as do BL038 and
BLO003. However, E48 (BL038) has a higher birefringence
than E7 (BL003). Thus, we choose to compare the NOA65
PDLC systems using BL038, E48, BLOO06, and E44.

4 PDLC cell fabrication and measurements

To prepare PDLC samples, we mixed NOA65 with E48,
E44, BL038, and BL006; each at a 30:70 wt.% ratio. To ensure
a uniform mixing, we stirred the LC/monomer mixtures using
small magnetic stirrers for half an hour at T = 120°C. Each
LC/monomer mixture was then injected to an empty glass
cell (cell gap ~8 um) in the isotropic state. The inner sur-
faces of the glass substrates were coated with a thin indium-
tin-oxide layer, but no polyimide layer. To cure the samples,
the cells were exposed to UV light (I = 65 mW/cm2, A ~ 365
nm) for 15 minutes at T = 20°C.

The voltage-dependent transmittance (VT) curves
were measured and used to compare the contrast ratio of
the PDLC cells. The experimental setup is shown in Fig. 7.

450, 486, 546, 589, 633, and 656 nm at different temperature.

A (nm)
T 450 486 546 589 633 656

(°C) n. 1, ne Mo ne M, ne M, ne 1, ne n,

15 18796 15478 18511 15407 18196 15323 1.8047 15276 1.794 15239 1.7887 15228
20 18726 15475 18450 15401 18142 15311 1.7994 1.5266 1.7888 1.5234 1.7833 1.5217
25 1.8671 15469 18392 15396 1.8086 1.5305 17939 15258 1.7832 1.5221 1.7786 1.5209
30 1.8611 15458 18334 15385 1.8029 15299 17884 1.5250 1.7781 1.5213 1.7729 1.5199
35 1.8544 15457 18271 1538 17971 15291 17827 15241 17721 15206 1.7675 1.5190
40  1.8481 15447 18206 15375 1.7907 15284 17767 15239 1.7662 1.5200 1.7618 1.5181
45 1.8401 15446 18137 1537 17846 15277 17704 15231 1.7603 1.5194 1.7554 1.5179
50 1.8325 1.5444 18066 15369 1.7778 15272 17641 15227 1.7541 15187 17491 1.5169
55 1.8252 15441 17992 15363 1.7709 15269 17571 15222 17475 15183 1.7430 1.5170
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FIGURE 7 — The experimental setup for measuring the transmittance of
the PDLC cells.

An unpolarized He-Ne laser (A = 633 nm) beam was nor-
mally incident on the PDLC cell. A photodiode detector was
placed at 25 cm behind the cell. The corresponding collec-
tion angle is ~2°. A LabVIEW data acquisition system was
used to control the applied voltage and record the measured
VT curves.

5 Results and discussion

From the measured VT curves, we find that BLL038 is better
than BLO006, and E48 is better than E44 in the NOAG5
PDLC systems, although these four LC mixtures all have a
good index match with NOAG65. The BL038 PDLC and E48
PDLC cells exhibit a lower transmittance in the voltage-off
state and a higher transmittance in the voltage-on state than
that of BL006 PDLC and E44 PCLC cells, respectively. It
implies that the refractive index match is not the only factor
affecting the contrast ratio of a PDLC; the LC/polymer mis-
cibility also plays an important role. It is likely that BL038

Normalized Transmittance

0.0 I " 1 " 1 " 1 L 1 2 1 "
0 5 10 15 20 25 30
Voltage [Vms]

FIGURE 8 — Voltage-dependent normalized transmittance of the BLO38
and E48 PDLC cells at A = 633 nm. For both cells, the LC:NOA65 ratio
is 70:30. The two cells have same thickness (d = 8 um) and have no
polyimide layer on the glass substrates.

and E48 have a better miscibility in NOAG5 than BL006 and
E44.

In Fig. 8, we compare the normalized VT curves of the
BLO038 and E48 PDLC cells at A = 633 nm. For both cells,
the polymer (NOAG65) and LC ratio is 30:70 and cell gap is
8 um. To calibrate the substrate reflection losses, the trans-
mittance of the PDLC cell is normalized to that of a homo-
geneous cell filled with the corresponding liquid crystal.
The red line represents the transmittance of the BL038
PDLC cell and the blue line represents the transmittance of
the E48 PDLC cell. In Fig. 8, the BL.038 PDLC cell has a
lower transmittance at V = 0 and a higher transmittance in

TABLE 9 — The measured refractive indices (n, and n,) of BLOO6 at A = 450, 486, 546, 589, 633, and 656 nm at different temperature.

A (nm)
T 450 486 546 589 633 656

‘C) n. n, N n, ne n, e n, ne n, e n,

15 1.8988 1.5478 1.8672 1.5438 1.8349 1.5348 18194 15304 1.8083 1.5266 1.8033 1.5257
20 1.8913 1.5516 1.8620 1.5434 1.8299 1.5339 1.8148 1.5296 1.8036 1.5259 1.7986 1.5244
25  1.8869 1.5505 1.8563 1.5421 1.8248 1.5331 1.8097 1.5285 1.7988 1.5249 1.7937 1.5236
30 1.8811 1.5479 1.8508 1.5414 1.8194 1.5323 1.8046 1.5275 1.7937 1.5239 1.7884 1.5224
35 1.8760 1.5482 1.8449 1.5405 1.8140 1.5312 1.7994 1.5266 1.7885 1.5229 1.7835 1.5215
40 1.8702 1.5472 1.8391 1.5399 1.8084 1.5306 1.7938 1.5257 1.7830 1.5221 1.7784 1.5206
45 1.8630 1.5454 1.8328 1.5387 1.8024 1.5294 1.7880 1.5249 1.7774 1.5211 1.7726 1.5200
50 1.8566 1.5447 1.8265 1.5382 1.7964 1.5292 1.7822 1.5245 1.7721 1.5204 1.7672 1.5192
55 1.8486 1.5441 1.8200 1.5377 1.7905 1.5286 1.7764 1.5238 1.7659 1.5199 1.7613 1.5181
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FIGURE 9 — Wavelength-dependent refractive index of NOAG65 (circles)
and the ordinary refractive index of BL038 (squares) and E48 (triangles)
at T = 20°C. The solid lines represent the fittings using the extended
Cauchy model [Eqg. (2)]. The fitting parameters are listed in Table 4.

the on-state than E48. The saturation voltage of both cells
happens at ~20 V.5, thus, we define the contrast ratio as:
CR =T (V=20V,,,)/T (V =0). The measured contrast ratio
is 13:1 and 10:1 for the BLL038 and E48 PDLC cells, respec-
tively. We could enhance contrast ratio by using a thicker
cell gap. The tradeoff is the increased operating voltage.
Two factors contributing to the higher contrast ratio of
the BL0O3S PDLC cell over E48 are higher birefringence
and better index matching with NOAG5. In Fig. 9, we com-
pare the wavelength-dependent refractive index of NOA65
and the ordinary refractive index of BL038 and E48 at T =
20°C. The filled circles, open squares, and upward triangles

0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26

Birefringence (An)

0.25
0.24
0.23

0.22

0.21 " 1 " 1 N 1 ' 1 n 1 L 1
0.40 0.45 0.50 0.55 0.60 0.65 0.70

Wavelength [um]

FIGURE 10 — Wavelength-dependent birefringence of BL0O38 (squares)
and E48 (triangles) at T = 20°C. The solid lines are fittings using the
single-band model [Eq. (3)]. The fitting parameters [G(um’z), A*(um)] for
BL038 and E48 are [3.509, 0.252] and [3.210, 0.244], respectively.

are the measured refractive index of NOA65, BL.03S, and
E48, respectively. The solid lines represent the fittings using
the extended Cauchy model [Eq. (2)]. The fitting parame-
ters are listed in Table 4. From Fig. 9, we find that BL038
has a better index match than E48 at A = 633 nm. Thus, the
BL038 PDLC cell has a higher transmittance in the voltage-
on state than the E48 cell when the He—Ne laser (A = 633
nm) is used. However, this explanation is only qualitative. In
the voltage-on state, the LC directors near the inner
boundaries of the droplets are harder to be reoriented by
the electric field because of the surface anchoring effect.
These anchored LC directors have some n, components. As
aresult, the effective refractive index in the voltage-on state

TABLE 10 — The measured refractive indices (n, and n,) of BLOO3 at A = 450, 486, 546, 589, 633, and 656 nm at different temperature.

A (nm)
T 450 486 546 589 633 656

“C) n, M, N, o 7» M, Ne 78 Ne 1, Ne no

15 1.8654 1.5489 1.8374 15408 1.8082 1.5324 1.7943 1.5279 1.7838 1.5246 1.7793 1.5235
20  1.8592 1.5472 1.8316 1.5403 1.8030 1.5314 1.7891 1.5270 1.7790 1.5234 1.7742 1.5221
25  1.8541 1.5477 1.8260 1.5390 1.7973 1.5306 1.7837 1.5260 1.7736 1.5224 1.7691 1.5216
30 1.8473 1.5451 1.8199 1.5388 1.7916 1.5302 1.7780 1.5254 1.7682 1.5215 1.7636 1.5204
35 1.8415 1.5443 1.8135 1.5379 1.7857 1.5293 1.7723 1.5246 1.7625 1.5210 1.7577 1.5192
40 1.8334 1.5444 1.8071 1.5375 1.7794 1.5284 1.7661 1.5238 1.7564 1.5203 1.7521 1.5190
45 1.8255 1.5447 1.8001 1.5369 1.7728 1.5279 1.7598 1.5234 1.7501 1.5197 1.7458 1.5186
50 1.8186 1.5444 1.7931 1.5366 1.7662 1.5275 1.7534 1.5228 1.7438 1.5193 1.7397 1.5179
55 1.8113 1.5439 1.7855 1.5368 1.7591 1.5276 1.7465 1.5229 1.7367 1.5190 1.7327 1.5176

1024

Li et al. /Refractive-index matching between LCs and photopolymers



is slightly larger than n,, It is difficult to estimate how much
these boundary layers contribute to the effective refractive
index. It should be mentioned that the results shown in
Fig. 9 are for convenient demonstration only because of the
availability of a He—Ne laser light source. For practical
PDLC display, human eyes are more sensitive to green than
red. Therefore, the device should be optimized at a green
wavelength (A ~ 550 nm).

Figure 10 shows the wavelength-dependent birefrin-
gence of BL03S and E48 at T = 20°C. The squares and tri-
angles represent the experimental data of BL0O3S and E48,
respectively. The solid lines are fittings using the following
single-band birefringence dispersion modell8:

AN 2

ATLO\) = GW,

(3)

where G is a proportionality constant and A* is the mean
resonant wavelength of the liquid crystal. The fitting pa-
rameters [G (um=2), A* (um)] for BL038 and E48 are
[3.509, 0.252] and [3.210, 0.244], respectively. In Fig. 10,
BLO038 exhibits a larger birefringence than E48 in the entire
visible spectral region. Thus, the difference between the aver-
age refractive index of BL0O38 and the refractive index of
NOAG5 is larger than that between E48 and NOAGS, i.e.,
the refractive-index mismatch between BL038 and NOA65
is larger than that between E48 and NOAGS5. A larger index
mismatch leads to a higher scattering efficiency. As a result,
the BLLO38 PDLC cell has a lower transmittance at V = 0
than the E48 cell.

6 Conclusion

The refractive index of cured polymers, NOAG65 and
NOASI, were measured at six visible wavelengths and in the
temperature range from 20 to 55°C using a multi-wave-
length Abbe refractometer. The refractive indices of Merck
E-series (E48, E44, and E7) and BL-series (BL038, BL.006,
and BL003) LC mixtures were measured. Comparative
study on the refractive index between these liquid crystals
and cured polymers was made. Among the LC materials we
studied, BL038 and E48 are good candidates for making
PDLC system incorporating NOAG5. Indeed, the BL03S
PDLC cell shows a higher contrast ratio than the E48 cell
because BLO38 has a better-matched ordinary refractive
index, higher birefringence, and similar miscibility as com-
pared to E48. Liquid crystals having a good miscibility with
polymer, matched ordinary refractive index, and higher
birefringence help to improve the PDLC contrast ratio for
display applications.
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