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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 (BL038,
BL003 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 excellent index 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,1–4 tun-
able wavelength filters,5–7 tunable liquid-crystal lenses,8,9

and polarization-independent phase modulators.10 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 µm, 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〉 = (ne +
2no)/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 no; the ordinary refractive index. If no ~ np,
then the PDLC becomes isotropic and will have an excellent
transmittance. Therefore, the preferred LC material for
PDLC is not only high birefringence (∆n = ne – no) but also
good index match between no and np. In a PSLC system,
polymer networks help to improve response time.11 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 NOA81) and
six nematic liquid crystals (BL038, BL006, BL003, E48,
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 NOA81 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 NOA65 polymer system and characterize their
electro-optic properties at λ = 633 nm. In Section 5, we
obtain good correlation between material and device per-
formances.

2 Measurements of refractive indices
NOA65 (Norland Optical Adhesive) is a commonly used
photocurable polymer because its refractive index (np ~
1.52) is close to the no of many commercial LC mixtures. On
the other hand, NOA81 has a higher refractive index (np ~
1.56), which is close to the no of our UCF high-birefrin-
gence LC mixtures. In this study, we compare the refractive
indices of NOA65 with six Merck LC mixtures, and NOA81
with two UCF high birefringence LC mixtures using a mul-
tiwavelength Abbe refractometer (Atago DR-M4). Before
UV curing, NOA65 and NOA81 are clear and colorless liq-
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/cm2, λ ~ 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 NOA65 is quite flex-
ible, while the cured NOA81 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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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-

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 NOA65 polymer.
The squares, circles, upward triangles, downward triangles,
diamonds, and pentagons represent the measured refractive
index of NOA65 at λ = 450, 486, 546, 589, 633, and 656 nm,
respectively. In Fig. 2, we find the refractive index of
NOA65 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 NOA65. As the
temperature increases, the density of most of the isotropic

FIGURE 1 — The experimental setup for measuring the refractive index
of cured polymer films: NOA65 and NOA81.

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 λ = 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.

TABLE 1 — The measured refractive index of cured NOA65 film at λ =
450, 486, 546, 589, 633, and 656 nm at different temperatures. TABLE 2 — The fitting parameters for the refractive index [Eq. (1)] of

NOA65 and NOA81 at λ = 450, 486, 546, 589, 633, and 656 nm.
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organics decreases which, in turn, causes the refractive in-
dex to decrease linearly.

Figure 3 shows a similar plot for NOA81. The squares,
circles, upward triangles, downward triangles, diamonds,
and pentagons represent the measured refractive index of
NOA81 at λ = 450, 486, 546, 589, 633, and 656 nm, respec-
tively. Similarly to NOA65, the refractive index of NOA81
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
NOA65 and NOA81 in the monomer state. After UV curing,
the refractive index of the cured polymers increases 1.7%
and 2.2% for NOA65 and NOA81, 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 (no) and the
polymer matrix (np). If no ~ np, then the on-state will be
highly transparent. After having measured the np of NOA65,

we selected two commercial high birefringence LC series
with their no close to np. The two LC series are BL-series
(BL038, BL006, and BL003) and E-series (E48, E44, and
E7). 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 (ne) and ordinary (no)
refractive indices of E48, E44, E7, BL038, BL006, and
BL003 are listed in Tables 5–10, respectively. From this
data, we find that ne always decreases as temperature increases,
whereas no declines modestly first and then increases after
the temperature passes the crossover temperature.12 The
average refractive index 〈n〉 [which is defined as (ne + 2no)/3]
also decreases linearly as temperature increases.13

The wavelength-dependent refractive index of the
UV-cured polymers can be described by the extended
Cauchy equation,14–16

(2)

Here, A, B, and C are Cauchy coefficients which are con-
stant at a given temperature.

3 Refractive-index comparisons
NOA81 (np ~ 1.56) has a higher refractive index than
NOA65 (np ~ 1.52). For a linearly conjugated LC, a high no
often leads to a high ∆n. Most of the commercially available

n A
B C
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= + +2 4

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 λ = 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.

TABLE 3 — The measured refractive index of cured NOA81 film at λ =
450, 486, 546, 589, 633, and 656 nm at different temperatures.

TABLE 4 — The fitting parameters for the refractive index [Eq. (2)] of NOA65 and NOA81 and the ordinary refractive index of E48, E44,
E7, BL038, BL006, BL003, UCF-1, and UCF-2 at _ = 20°C.
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high birefringence (∆n ~ 0.20–0.28) liquid crystals have
no ~ 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 (∆n = 0.4) LCs have no >
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 (BL003,
BL006, and BL038) liquid crystals with NOA65, and some
high birefringence UCF mixtures (UCF-1 and UCF-2) with
NOA81.

Figure 4 shows the measured refractive index of the
UV-cured NOA65 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
NOA65, 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 NOA65.
The mismatch is within 0.005 at λ = 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 (λ = 546 nm), E44 has a slightly higher index,
while E7 and E48 are slightly lower than NOA65, but the
difference is in the third decimal.

Figure 5 shows the refractive index of the cured
NOA65 and the ordinary refractive index of BL038, BL006,

TABLE 5 — The measured refractive indices (ne and no) of E48 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperatures.

TABLE 6 — The measured refractive indices (ne and no) of E44 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperatures.
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and BL003 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
NOA65, 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 BL003 have a similar
trend in no(λ). The index matching with NOA65 is pretty
good in the green and red spectral regions. A larger devia-

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

The ordinary refractive index of NOA81 is larger than
NOA65. The measured value of NOA81 at λ = 589 nm and
T = 20°C is 1.5662. No commercially available LC mixtures
have such a high no. We have formulated two new LC mixtures
designated as UCF-1 and UCF-2 whose ordinary refractive
index matches with NOA81. Figure 6 shows the refractive
index of the cured NOA81 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

TABLE 7 — The measured refractive indices (ne and no) of E7 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperature.

FIGURE 5 — Wavelength-dependent refractive index of NOA65 and the
ordinary refractive index of BL038, BL006, and BL003 at T = 20°C. The
open squares, upward triangles, filled circles, and downward triangles
are the measured refractive index of BL038, BL006, NOA65 and BL003,
respectively. The solid lines represent the fittings using the extended
Cauchy model [Eq. (2)]. The fitting parameters are listed in Table 4.

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.
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are the measured ordinary refractive index of NOA81,
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 no of UCF-1 and UCF-2 match well with that
of NOA81 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 λ2 ~ 350-nm region.17 In the blue spec-
tral region, the resonance effect to the refractive index is
more pronounced because the wavelength is closer to λ2.

In a PDLC system, good index matching (no ~ 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 NOA65 is
used. In the visible spectrum, E48 and E7 have very similar
ordinary refractive index at T = 20°C, as do BL038 and
BL003. However, E48 (BL038) has a higher birefringence
than E7 (BL003). Thus, we choose to compare the NOA65
PDLC systems using BL038, E48, BL006, 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 µm) 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, λ ~ 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.

FIGURE 6 — Wavelength-dependent refractive index of NOA81 and the
ordinary refractive index of UCF-1 and UCF-2 at T = 20°C. The filled
circles, open squares, and upward triangles are the measured refractive
index of NOA81, UCF-1,  and UCF-2, respectively. The  solid lines
represent the fittings using the extended Cauchy model [Eq. (2)]. The
fitting parameters are listed in Table 11.

TABLE 8 — The measured refractive indices (ne and no) of BL038 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperature.
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An unpolarized He-Ne laser (λ = 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 BL038 is better
than BL006, and E48 is better than E44 in the NOA65
PDLC systems, although these four LC mixtures all have a
good index match with NOA65. 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

and E48 have a better miscibility in NOA65 than BL006 and
E44.

In Fig. 8, we compare the normalized VT curves of the
BL038 and E48 PDLC cells at λ = 633 nm. For both cells,
the polymer (NOA65) and LC ratio is 30:70 and cell gap is
8 µm. 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 BL038 PDLC cell has a
lower transmittance at V = 0 and a higher transmittance in

FIGURE 7 — The experimental setup for measuring the transmittance of
the PDLC cells.

TABLE 9 — The measured refractive indices (ne and no) of BL006 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperature.

FIGURE 8 — Voltage-dependent normalized transmittance of the BL038
and E48 PDLC cells at λ = 633 nm. For both cells, the LC:NOA65 ratio
is 70:30. The two cells have same thickness (d = 8 µm) and have no
polyimide layer on the glass substrates.
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the on-state than E48. The saturation voltage of both cells
happens at ~20 Vrms, thus, we define the contrast ratio as:
CR = T (V = 20 Vrms)/T (V = 0). The measured contrast ratio
is 13:1 and 10:1 for the BL038 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 BL038 PDLC cell over E48 are higher birefringence
and better index matching with NOA65. 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

are the measured refractive index of NOA65, BL038, 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 λ = 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 (λ = 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 ne components. As
a result, the effective refractive index in the voltage-on state

FIGURE 9 — Wavelength-dependent refractive index of NOA65 (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 [Eq. (2)]. The fitting parameters are listed in Table 4.

TABLE 10 — The measured refractive indices (ne and no) of BL003 at λ = 450, 486, 546, 589, 633, and 656 nm at different temperature.

FIGURE 10 — Wavelength-dependent birefringence of BL038 (squares)
and E48 (triangles) at T = 20°C. The solid lines are fittings using the
single-band model [Eq. (3)]. The fitting parameters [G(µm–2), λ*(µm)] for
BL038 and E48 are [3.509, 0.252] and [3.210, 0.244], respectively.
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is slightly larger than no 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 (λ ~ 550 nm).

Figure 10 shows the wavelength-dependent birefrin-
gence of BL038 and E48 at T = 20°C. The squares and tri-
angles represent the experimental data of BL038 and E48,
respectively. The solid lines are fittings using the following
single-band birefringence dispersion model18:

(3)

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

6 Conclusion

The refractive index of cured polymers, NOA65 and
NOA81, 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, BL006,
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 NOA65. Indeed, the BL038
PDLC cell shows a higher contrast ratio than the E48 cell
because BL038 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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