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Abstract: The use of polymer-stabilized blue phase (PSBP) including a tolane-type liquid crystal
was investigated to develop a voltage-controlled wavelength selective filter for wavelength-division-
multiplexing optical fiber network. It was found that the tolane-type liquid crystal introduction can
increase both a blue-phase temperature range and a Kerr coefficient. A Fabry–Perot etalon filled with
PSBP functioned as a wavelength selective filter, as expected. The tuning wavelength range was
62 nm although peak transmission was not as high as expected. Numerical analysis suggested that
light absorption in transparent electrodes may cause the issue. Minor change to the etalon structure
will result in improved performance.
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1. Introduction

A wavelength selective filter (WSF) has become an essential device in a wavelength-
division-multiplexed (WDM) optical fiber communication system, where multiple color
signals are transmitted in parallel in the optical fiber to increase communication through-
put [1–4]. Current systems employ wavelengths between 1.3 and 1.6 µm as optical fibers
show the smallest absorption and the smallest chromatic dispersion near these wavelengths.
The WSFs are necessary both in transmitters and receivers in such systems. WDM systems
could be developed by using constant wavelength filters while the systems employing the
WSFs have more advantages in design flexibility, low-cost construction and maintenance,
and functionality. Furthermore, system researchers and designers impose other require-
ments such as low-voltage operation, low-power consumption, fast response, and wide
temperature range. A large number of WSFs have been developed and some are commer-
cially available [5,6]. It should be noted that the use of liquid crystal (LC) is advantageous
in large change in refractive index and low-voltage and low-power operation [7]. Response
times of nematic LC are typically in ms order although some LC materials can respond in
µs order [8].

Polymer stabilization of LC could extend its application field to optical fiber com-
munication devices. We have succeeded in development of a variable optical attenuator
for 1.5 µm optical fiber networks [9]. This paper focuses on the use of polymer-stabilized
blue phase (PSBP) for a WSF. We were drawn to conventional—unstabilized—blue phase
devices as a viable option due to its non-birefringence at zero electric field, high speed
response, and large Kerr effect [10]. However, a major disadvantage of the conventional
blue phases is narrow temperature range of the phase. Blue phase is eroded by a chiral
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nematic phase and an isotropic phase. As a result, blue phase appears only in a few ◦C at
temperatures higher than room temperature. To overcome this problem, we set out to fix
blue phase liquid crystal in polymer network. Thus, we achieved a blue-phase temperature
range of 47 ◦C by using tolane-type liquid crystal as host mixture [11]. Another issue
that needed to be resolved is to decrease the applied voltage. Typically, a higher voltage
operation is necessary due to the short coherent length in orientational order and highly
twisted molecular alignment in the conventional devices.

Then, we filled a Fabry–Perot etalon with the PSBP to develop a lower-voltage WSF
and succeeded in its demonstration. A tuning wavelength range of 62 nm was experimen-
tally obtained at 120 V or lower voltages. In other words, the required voltage for 7 nm
tunability is 13.5 V, assuming an application to access network called NG-PON2 [4].

A molecule structure, a sample preparation, and a phase diagram of the PSBP are
described in Section 2. The structure and experimental results are described in Section 3
that includes transmission spectrum of the PSBP-filled WSF. We discuss the characteristics
of the developed WSF and suggestions for future improvement in Section 4. We conclude
this paper in Section 5.

2. Preparation and Measurement of Mixture

Sample fabrication processes are divided into two: liquid crystal mixture and Fabry–
Perot etalon manufacture described below and in Section 3.

First, we describe the principle and mixture method of PSBP. Blue phase appeared
in only a few ◦C between a chiral nematic (N*) phase and an isotropic (Iso) phase in a
previous report [10]. It was expected that the temperature range can be expanded by the
fixation of LC molecules in polymer-stabilized network. Figure 1a shows a schematic
diagram of BP I with double twisted cylinders (blue) and disclination lines (violet) and
Figure 1b shows the LC molecules (brown) aligned along the disclination lines. To achieve
larger birefringence or low-voltage operation, a tolane-type LC is regarded as one of the
strongest candidates as host nematic LC (NLC). Schematics of general tolane-type molecule
and TE-2FF are shown in Figure 2a,b, respectively. The use of tolane-type host LC can
enlarge the Kerr effect and decrease the operation voltage. We chose two tolane-type LCs:
TE-2FF and E8 (Merck, Darmstadt, Germany). Precursors to PSBP consist of the described
host LCs, a chiral dopant, a mono-functional monomer, a bi-functional monomer, and a
photo initiator. Details of the materials are summarized in Table 1. Then, the precursor
mixture was irradiated with 365 nm, 1.5 mW/cm2 ultra-violet (UV) light to the blue phase
for 20 min. Phase transition of the mixture was observed during preparation by using a
polarization microscope at a wavelength of 633 nm before and after UV light irradiation.
Materials were observed between two glass substrates during fabrication. The injection
was done at 110 ◦C for the TE-2FF:E8 ratio of 1:1 and 1:2 and at 95 ◦C for the ratio of 1:2.5,
1:3, and 1:4.

We obtained phase diagrams with a parameter of the TE-2FF:E8 ratio, as shown in
Figure 3a,b, that were observed before and after UV irradiation, respectively. We describe
the characteristics for the cell before UV light irradiation first. The developed materials
show BP I phase between N* phase and isotropic phase for all the host mixture ratios.
Between the N*-phase and the isotropic phase, a BP I phase appears only in 4.4–4.7 ◦C,
as shown in Figure 3a. The BP I temperature range was independent of the mixture ratio.
In contrast, we observed wider temperature range of BP I phase in the sample after UV
irradiation or the polymer-stabilized sample, as shown in Figure 3b. The BP I temperature
ranges are 10 ◦C for a ratio of 1:1 and 47 ◦C for the ratio of 1:4. The temperature range
becomes widened as the E8 ratio increases. Furthermore, we observed that the BP I phase
appears at a temperature as low as 20 ◦C, which is regarded as room temperature. The BP I
phase appears between the N* phase and the isotropic phase for the cells with TE-2FF:E8
of 1:1 while we find that the BP I phase appears between the crystal phase and isotropic
phase for the cells with TE-2FF:E8 ratio of 1:2 to 1:4. The latter cells show no N* phase.
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Figure 1. (a) Sketch of blue-phase liquid crystal with some disclination lines (blue) and (b) polymer-
stabilized blue-phase liquid crystal. Polymer network (brown) is constructed along the disclination
lines.

Figure 2. (a) Molecule sketch of a general tolane-type liquid crystal and (b) TE-2FF.

Table 1. Composition in our blue phases.

Mixture Chemical Material wt%

Host LC (92 wt%)

NLC: E8 (Merck) x
NLC: TE-2FF 92.5 − x

Chiral dopant: s-[4’-(hexyloxy)-phenyl-4-carbonyl]-1,4;3,6-
dianhydride-D-sorbitol(ISO-(6OBA)2 7.5

Polymer (8 wt%)

Mono-functional monomer: Dodecyl acrylate (C12A, Wako) 38.4
Bi-functional monomer:

2-methyl-1,4-phenylene-bis(4-(3-(acryloyloxy)propyloxy)benzoate)
(RM257, Merck)

57.6

Photo initiator: 2,2-dimethoxy-2-phenylacetophenone (DMPAP, Aldrich) 4.0
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Figure 3. (a) Phase diagram of our mixture before UV irradiation and (b) after UV irradiation; that is, the mixture is already
polymer-stabilized.

We observed the Kerr effect of our new material and conventional, non-tolane 5CB:JC1041XX
material, as shown in Figure 4. JC1041XX was available from JNC, Tokyo, Japan. Light
transmission was observed with the crossed-Nicol polarized microscope. All the curves
seem proportional to the square of sinusoidal function except at the voltage of lower than
40 V, in which case, they reach their peaks, and then decrease. We should note that the
voltage at the peak transmission is 216 V for the conventional mixture while we find 97 and
108 V for our new mixture with TE-2FF:E8 ratios of 1:2.5 and 1:3. These new data shows
that reduction of the applied voltage is as high as 55 and 50%.

Figure 4. Normalized transmission versus the applied voltage for the tolane-type mixture and the
conventional mixture (5CB:JC1041XX). The latter is simply described as 5CB:JC in the figure.

3. Experiments of a Variable Wavelength Filter

A cross-sectional schematic of the WSF is shown in Figure 5. A test cell of WSF
was developed as follows: On two glass substrates, we deposited a dielectric mirror of
six-pair layers of silicon oxide and titan oxide as high and low refractive index material,
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respectively, and a layer of indium tin oxide as transparent electrode that was placed inside
the mirrors. Each layer of silicon oxide and titan oxide has a thickness (optical length) of
quarter of the wavelength of 1.5 µm. We designed the cells, assuming that refractive index
of titan oxide is 2.2 and that of silicon oxide is 1.4. The two glass substrates were fixed with
10 µm thick spacers and adhesive, which are not shown in Figure 5 to omit complexity. The
precursor mixture was injected into a Fabry–Perot etalon at 110 ◦C for the TE-2FF:E8 ratio
of 1:1 and 1:2 and at 95 ◦C for the ratio of 1:2.5, 1:3, and 1:4. Then, the cell was irradiated
with 365 nm and 1.5 mW/cm2 UV light for 20 min to be polymer-stabilized in the etalon.
Finally, we sealed the cell and bonded electric wires for measurements. The PSBP thickness
was estimated to be larger than the spacer thickness of 10 µm and its refractive index was
approximately 1.4.

Figure 5. Cross-sectional schematic of the proposed variable wavelength filter.

To test the cells, we employed an optical spectrum analyzer with a built-in broadband
light source. Light from the light source was fed through a single-mode optical fiber to
be a parallel beam after passing through a focusing lens. The light beam was incident on
the cell and concentrated and fed into the optical spectrum analyzer with another lens
and another single-mode optical fiber. The measurement configuration was setup in a box
so that the optical measurement was measured stably. No matching oil was employed
in the setup. Figure 6 shows measured transmission spectra of the developed device
at the applied voltages of 0 (blue), 40 (green), 80 (yellow), and 120 (red) V. The applied
electric signal was alternative current at an audio frequency. The light was not polarized
and the temperature was 27 ◦C. We evaluated only the cell with the TE-2FF:E8 of 1:4. At
0 V, the spectrum shows a curve similar to the square of sinusoidal function. The peak
transmission wavelength decreases clearly as the applied voltage increases. The developed
device functioned successfully as a WSF; however, the maximum transmission is as low as
2.2% and the half-bandwidth is 23 nm. The low transmission suggests that absorption may
occur in the etalon, which will be discussed in Section 4.
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Figure 6. Transmission spectra of the developed wavelength selective filter.

Peak-transmission wavelength dependence on the applied voltage is shown in Figure 7.
It is found from these results that the peak-transmission wavelength shifts to shorter
wavelength as the applied voltage increases. The tuning of the resonant wavelength was
expected from the Kerr effect by which refractive indexes change due to the applied voltage
across the PSBP. A shift was calculated to be approximately −0.5 nm/V. The maximum
shift observed was 62 nm for a 120-V voltage change and large enough for the WDM
system applications. To achieve a tuning range of 7 nm to be employed in the dense
WDM downlink system [4], the developed WSF can be operated at 13.5 V. The sample was
capacitive and insulated electrically so that the power consumption was too small to be
measured.

Figure 7. Wavelength at transmission versus the applied voltage. Data for three peaks are plotted.
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4. Discussion

We achieved a 1.5 µm WSF with low-voltage operation and low-power consumption
by using PSBP while we should analyze some data in this section. We have to make it
clear of what degrades the peak transmission since a theoretical value of transmission
of the absorption-free Fabry–Perot etalon is 100%. The absorption in mirror materials,
silicon oxide and titan oxide, is negligible at a 1.5 mm wavelength. On the other hand, the
transparent electrodes of indium tin oxide are reported to have some absorption in the
telecommunication wavelength [12]. Such transparent electrodes are employed in some
optical telecommunication devices although they are not used in a cavity. The light has
to reflect multiplicatively inside the Fabry–Perot etalon cavity, which weakens the light
intensity in general. In addition to the light absorption in the cavity and mirrors, fabrication
errors, reflection at the glass substrates, and error in an incident angle are degradation
factors of Fabry–Perot etalon performances.

Our current analysis model is based on the internal light absorption. We calculated
the theoretical transmission spectrum (blue), as shown in Figure 8, assuming that the
transparent electrodes have an extinction coefficient of 0.16. Characteristic matrix was
modeled for each layer of the dielectric mirrors and transparent electrodes [13–15]. The
calculated and experimental spectra (orange) exhibit similar curves with coincidence of low
transmission and wide bandwidth. Our model or the calculated spectrum is traced close
to the experimental spectrum. The internal light absorption in the transparent electrodes
may be one of the candidates to explain the transmission attenuation. Our future research
will focus on the improvement of this model by placing the electrodes outside of the cavity.
Our preliminary analysis suggests that the maximum transmission will be improved.

Figure 8. Transmission spectra of the experimental and calculated results with no applied voltage.

5. Conclusions

The use of polymer-stabilized blue phase (PSBP) was investigated to develop a voltage-
controlled wavelength selective filter for WDM optical fiber network. It was found that
a tolane-type liquid crystal introduction can increase both the blue-phase temperature
range and the Kerr coefficient. A Fabry–Perot etalon filled with PSBP functioned as the
wavelength selective filter, as expected. The tuning wavelength range was 62 nm at a
1.5 µm wavelength with the applied voltage from 0 to 120 V. The peak transmission was
not as high as expected; however, we found the intensity attenuation may come from
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absorption in the transparent electrodes. We could improve the transmission with a newer
structure, where the transparent electrodes are to be placed outside the cavity.
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