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Microwave Polymer Dispersed Liquid Crystal Loaded
Variable Phase Shifter

Toshihisa Kamei

Nguyen Quoc Dinh

Yozo Utsumi

Department of Communications Engineering, National Defense
Academy, Hashirimizu, Yokosuka, Kanagawa, Japan

We discuss a method for the production of microwave polymer dispersed liquid
crystal devices and show how to obtain a fine grained uniform fibrous polymer net-
work. With a layer thickness of 50 um, an applied voltage of 100V and a polymer
concentration of 7wt%, we show that the decay time can be reduced to about
1/30th that of a plain liquid crystal at the expense of an increase in rise time of
about 2.5 times and a deterioration of dielectric birefringence of about 50%.
Finally we discuss the results obtained with a prototype polymer dispersed liquid
crystal loaded variable phase shifter in the 15 GHz band.

Keywords: delay lines; liquid crystal devices; microstrip resonators; phase shifter

INTRODUCTION

In a liquid crystal device with a microstrip line (MSL) structure,
microwave-band insertion losses make it impossible to use an
extremely thin liquid crystal layer as in liquid crystal display applica-
tions. On the other hand, the decay time of a liquid crystal device
increases in proportion to the square of the layer thickness [1], so with
a liquid crystal layer thickness of about 100 pm as used in the configur-
ation of most microwave liquid crystal devices, the decay time ends up
being about 1000 times greater than the rise time [2].
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It is thus hoped that a way can be found to substantially reduce the
decay time even if this entails a slight increase in rise time and
deterioration of the dielectric properties. A promising means of achiev-
ing this involves substituting the liquid crystal layer with a so-called
polymer dispersed liquid crystal consisting of a polymer dispersed into
a nematic liquid crystal at a suitable concentration [3].

In this article, our chief aim is to demonstrate quantitatively how
the decay times of devices using polymer dispersed liquid crystals
can be improved in order to address a serious issue described in refer-
ence [2]—namely the large value of the decay time in plain liquid crys-
tal devices. In order to take direct measurements of the liquid crystal
device characteristics in the microwave-band when measuring the
response time characteristics and dielectric properties of an MSL
structure polymer dispersed liquid crystal devices, we used a
microwave resonance method based on an inductive coupled ring
resonator that we developed [4,5].

IMPROVING THE DECAY TIME OF POLYMER DISPERSED
LIQUID CRYSTAL DEVICES

When a plain liquid crystal is injected between two parallel plates that
have been subjected to a rubbing process, the decay time increases in pro-
portion to the square of the liquid crystal layer thickness [1], so once the
layer thickness has been set, the device’s response time is more or less pre-
determined. The thickness of the liquid crystal layer for microwave
devices is relatively large at about 100 pm, in which case the rubbed sub-
strate surfaces are only able to apply a weak aligning force to the molecular
orientation of the liquid crystal so that the rise time is only a few millise-
conds while the decay time is much longer at several tens of seconds.

Thus, since the use of a polymer dispersed liquid crystal causes the
liquid crystal molecules to be subjected to a strong aligning force from
the neighboring polymer interfaces, the same effect is obtained when
the liquid crystal layer is made thinner, allowing the decay time to
be improved. However, this effect involves trade-offs associated with
the disadvantages of increased threshold voltage, lower dielectric
birefringence and increased rise time.

v = 1/ {eo|A€'|(E§ — EZ)} (1)

wa = nd*/(z’k) 2)

Here, 7 is the coefficient of viscosity, Eq and E¢ are the bias electric
field and threshold electric field, A¢ (=¢ —¢|) is the dielectric
birefringence, and k is the elastic constant.
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PRODUCTION OF THE POLYMER DISPERSED LIQUID
CRYSTAL MATERIAL

The polymer dispersed liquid crystal was made by mixing a nematic
liquid crystal with a photo setting pre-polymer (acryl urethane based,
NOAG65 made by Norand, refractive index 1.524).

The polymer dispersed liquid crystal was produced by the phase
separation method with photopolymerization. An optical test cell
was produced to facilitate observation of the formation of a uniform
fibrous polymer network, which is desirable in a microwave use. Con-
sidering that the polymer dispersed liquid crystal would be applied to
microwave-band variable delay lines and the like, the polymer dis-
persed liquid crystal test cell was produced using the nematic liquid
crystals BL006 and BL011 (MERCK), which have relatively large A’
in the 20 GHz band, where A¢’ (= ¢ —¢)) is the dielectric birefrin-
gence, and ¢, is the relative permittivity ¢ when the long axis of the
liquid crystaq molecules is parallel to the high frequency electric field,
and ¢/ is the relative permittivity ¢ when the long axis of the liquid
crystal molecules is perpendicular to the high frequency electric field.

Table 1 lists the parameters of these two liquid crystal materials
measured in the 20 GHz band and the values shown in the manufac-
turer’s catalog.

The pre-polymer was stirred for several hours while keeping it
heated beyond the temperature at which BL006 becomes isotropic
(the nematic-isotropic; N-I phase transition temperature = 113°C).

The pre-polymer was mixed in at a ratio of 5wt%. A test cell was
produced by filling the space between two homogeneously aligned
ITO (Indium Tin Oxide) glass plates with a uniformly blended mixture.
If this filling is performed in the nematic phase then it can give rise to
alignment imperfections originating from the orientation caused by
flow effect, so as shown in Figure 1(a) the filling is performed with
the liquid crystal kept at or above the N-I phase transition temperature
and then the cell temperature is gradually reduced.

TABLE 1 Nematic Liquid Crystal (MERCK) Used for Our

Measurements

BL006 BLO11
N-1(°C) +113 +62
A¢ (1kHz, 20°C) +17.3 +16.2
A¢ (20 GHz, 20°C) +0.75 +0.6
n, (ordinary refractive index) 1.53 1.5351

n, (extraordinary refractive index) 1.816 1.813
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FIGURE 1 Photopolymer phase separation mechanism.

When the temperature falls below the N-I phase transition
temperature, the anisotropic nature of the liquid crystal molecules
causes them to line up in the rubbing direction. This also affects the
pre-polymer molecules, which line up as shown in Figure 1(b). When
the pre-polymer is polymerized in this state by irradiating with
ultraviolet light, it is possible to obtain a polymer with a uniform
orientation as shown in Figure 1(c).

However, it has been reported that the resulting polymer contains
bubbles or cavities instead of an organized fibrous structure when
the polymer concentration exceeds 20 wt% [6].

Figure 2 shows the optical observation system used for the test cell.
This system uses a polarizing microscope incorporating a polarizer
and an analyzer. A bias voltage was provided by amplifying a 1kHz
pulse train produced by a function generator. The transparent axes
of the polarizer and analyzer were arranged in an orthogonal crossed
Nichols configuration.

With no voltage applied, a bright image is obtained for two reasons:
(i) the polarization plane rotates due to the uniaxial anisotropic char-
acteristics of the liquid crystal molecules because the optical axis of
the molecules is not parallel to the direction in which the light propa-
gates, and (ii) the transmitted light is scattered in the polymer
dispersed liquid crystal due to the difference in refractive index
between the liquid crystal (n,= 1.816, permittivity close to the
¢, state) and the polymer (1.524).

Here, the reason why the resulting permittivity is “close to” the
¢, state is thought to be because—due to the three-dimensional struc-
ture of the polymer—some of the liquid crystal molecules restrained by
the polymer subtend an angle to the substrate even when no voltage is
applied, so that the permittivity is not exactly equal to ¢ .
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polarization microscope
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FIGURE 2 Experimental setup for a polymer dispersed liquid crystal test cell.

When a voltage is applied to this cell, the incident plane-polarized light
passes straight through the cell and a dark image is obtained for two rea-
sons: (i) the optical axis matches the light propagation direction, so the
polarization plane does not rotate, and (ii) the refractive indices of the
liquid crystal and polymer become more or less equal (ny = 1.53, permit-
tivity in the & | state) so that the transmitted light is not scattered.

Figure 3 SilOWS a photograph of a polymer dispersed liquid crystal
with no applied voltage. This was produced by mixing 5wt% NOA65
into BLOO06 at or above the N-I phase transition temperature (113°C)
and allowing it to polymerize at room temperature. Whereas Figure
1 showed the ideal state where the pre-polymer is uniformly dispersed
in the liquid crystal and is affected by the alignment of the liquid crys-
tal molecules when it undergoes photopolymerization to yield a neatly
ordered polymer network, the photograph in Figure 3 reveals a
random formation with a schlieren texture [7], showing that the liquid
crystal is also randomly oriented.

To investigate the causes of this, we turned our attention to the
temperature during the polymer dispersed liquid crystal mixing.

When the nematic liquid crystal BLO11 (MERCK), which has a low
phase transition temperature, was mixed with NOA65 at a polymer
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rubbing direction

mixed at 113°C

FIGURE 3 A polymer dispersed liquid crystal made by mixing 5 wt% NOAG65
into BLOO06.

concentration of 5 wt% and at the N-I phase transition temperature of
BLO006 (113°C), we observed schlieren texture and non-uniformities
similar to those obtained with BL006, as shown in Figure 4(a). Next,
when the same material was mixed at the N-I phase transition tem-
perature of BL011 (62°C), we found that we could obtain a fine-grained
uniform fibrous polymer network as shown in Figure 4(b).

These results clearly show that NOA65 deteriorates at high tem-
peratures, preventing it from mixing uniformly with the liquid crystal.

We therefore decided to use the nematic liquid crystal BLO11 in the
subsequent experiments because it has a lower N-I phase transition
temperature, even though its A¢' is slightly less than that of BL006
(about 0.6, compared with about 0.75 for BL.O06).

Using the nematic liquid crystal BLO11 and the pre-polymer
NOAG65, we prepared samples with a variety of polymer concentrations
and cell thicknesses. Figure 5 shows the appearance under the micro-
scope of polymer dispersed liquid crystals with a pre-polymer concen-
tration of 5wt% and cell thicknesses (d) of 7.5 and 50 pm. A uniform
polymer network was observed at both cell thicknesses.
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FIGURE 4 Polymer dispersed liquid crystals made by mixing 5wt% NOA65
into BLO11.

rubbing direction

(a) 2wt%, d = 7.5um (b) 5wt%, d =7.5um

(c) 2wt%, d = 50pum (d) 5wt%, d = 50pum

I | I
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FIGURE 5 Polymer dispersed liquid crystals made by mixing BL011 with
2wt% and 5 wt% of NOAG65.
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Figure 5 also shows the appearance of polymer dispersed liquid
crystals with a polymer concentration of 2wt%. In this case, the
uniformity of the fibrous polymer network is slightly worse, and it
appears that the orientation of the liquid crystal molecules is less
strongly restrained by the polymer. We also performed experiments
with a polymer concentration of 1wt%, but there appeared to be no
polymer networks in the resulting structures and it is thus thought
that 2wt% is the lower limit for the formation of a uniform polymer
network with this liquid crystal/pre-polymer combination. Thus, the
mixture was prepared with between 2% and 14% by weight of
pre-polymer.

PERMITTIVITIES AND DIELECTRIC BIREFRINGENCE

The permittivities and dielectric birefringence (A¢’) of the polymer dis-
persed liquid crystal were measured by a method involving the use of
the ring resonator [2]. Here, the cell thickness was set to 50 pm.

Figure 6 shows the permittivities and A¢’ of the polymer dispersed
liquid crystal. For these measurements we used the resonant peak
in the vicinity of 20 GHz, and the value of af was measured by applying
a 1kHz, 100V rectangular voltages. In this figure, the symbols o, A
and Ml at Owt% indicate the liquid crystal material’s own dielectric
properties as determined using the cutback method described in
reference [4].

4 I ' ' ' 4 I ' ' ' 4 ) ' !
L BLO11 polymer dispersed liquid crystal i
°
3r o¥vc O——0——0— —0 |
. A A —A
w 2F bias voltage=100V |
20GHz,d=50pm
[ cutback method —o—g', i
I+ / g -
i E_D_H_D_D_—Ag'n ’
oL . .
0 5 10 15

polymer concentration[wt%]

FIGURE 6 Polymer concentration dependence of e‘/‘, ¢, and A¢'.
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The value of ¢, at a polymer concentration of 0% (plain liquid
crystal) is the same as the value obtained with the cutback method
in an MSL structure used here, but the value of sﬂ was smaller than
the value obtained with the cutback method due to the effects of
incomplete alignment as discussed in references [4] and [5]. As the
polymer concentration increases, the value of ¢ | gradually decreases
and the value of ¢ increases so that A¢’ (= ¢, — ¢ ) becomes smaller.

By comparing the reduction of sm and the increase of ¢, that occur
as the polymer concentration increases, it can be said that the
increase of ¢ is larger and thus the reduction of A¢ is dominated
by the increase of ¢, . The value of ¢, is thought to increase because
the liquid crystal molecules are affected by the polymer interfaces
(which are configured in three dimensions), so that the liquid crystal
molecules have some degree of tilt when there is no applied voltage.
On the other hand, the value of sf is thought to decrease slightly due
to the polymer’s permittivity of 5.3 being slightly smaller than the
value of af , so that increasing the polymer concentration causes the
value of g to fall below the value for the liquid crystal. The value
of A¢ was 0.4 at a polymer concentration of 0wt%, decreasing to
Ad =0.33 at 5wt%, Ad =031 at 7Twt%, A¢d =0.28 at 9wt%,
A¢ =0.23 at 14 wt%.

Thus the dispersal of a polymer into the liquid crystal can improve
74 at the expense of a reduced value of A¢'.

VARIATION OF RESPONSE TIME WITH POLYMER
CONCENTRATION

Using the microwave resonance method [2], we measured the response
time characteristics with respect to changes in the polymer concen-
tration in the microwave-band with a fixed layer thickness of 50 pm
and a bias voltage of 100 V. The measurement results are shown in
Figure 7. In these results, the decay time tq4 was about 20s for the
plain liquid crystal, decreasing to 1.6s with the addition of 5wt%
polymer, approximately 700 ms at 7wt%, approximately 650 ms at
9wt% and approximately 500 ms at 14 wt%.

The rise time of the plain liquid crystal was about 10 ms, but this
increased to 22ms with the addition of 5wt% polymer, 25ms at
7Twt%, about 28ms at 9wt%, and about 36 ms at 14 wt%, which is
an acceptable range. Thus as the polymer concentration increases, t,
becomes larger and t4 becomes smaller.

This is because a higher polymer concentration results in a denser
polymer network so that the liquid crystal molecules drifting through
this network are subjected to a stronger aligning force from the



Downloaded by [University of Haifa Library] at 14:59 09 August 2012

24/[270] T. Kamei et al.

40 T T T T T T T T T T T T T T 40
BLO11 polymer dispersed liquid crystal
d=50pum
30F  bias voltage=100V -30
20GHz
';‘ ~
£ 20, 20 =
Ly e
104 S —— 10
o, r
. e
\\\ T4
T N N ‘Q?-~-|"'¢---|--Q--+---r-- r===s0
00 5 10 19

polymer concentration[%]

FIGURE 7 Response time (1., 7q) performances of polymer dispersed liquid
crystal for polymer concentration change.

neighboring polymer interfaces. Thus by using a polymer dispersed
liquid crystal it is possible to greatly improve 4 but at the expense
of an increase in t,.

VARIATION OF POLYMER DISPERSED LIQUID CRYSTAL
RESPONSE TIME WITH LAYER THICKNESS

We measured the values of 14 and 7, using the microwave resonance
method [2] under constant conditions of a polymer concentration of
5wt% and 9wt% and an applied electric field of 1.8 x 10° V/m.

Figures 8 and 9 show the results of measuring t4 and 7, respectively
in polymer dispersed liquid crystal layer thicknesses of 20, 50, 75 and
100 um.

In Figure 8 the relationship as shown in Equation (2) breaks
down due to the aligning force of the polymer, and instead tq
rises with increasing d at a much slower rate than the square
of d.

We obtained a value of 14 = 800 ms at d = 20 um, increasing to 1.6 s
at 50 um, 2.2s at 75 um, and 2.9s at 100 um for 5 wt%, and a value of
19 = 650ms, 1.25s, 2.5s at d = 20, 50, 100 um respectively for 9 wt%,
but this is much better than the 20 s at d = 50 pm with the plain liquid
crystal.

With regard to 1, it does not vary with d in a plain liquid crystal as
shown in Equation (1), but in a polymer dispersed liquid crystal it



Downloaded by [University of Haifa Library] at 14:59 09 August 2012

Microwave Polymer Dispersed Liquid Crystal Loaded 25/[271]

3000, T T T T T T T — 5
-0-- ¢ 4 (SWt%) pud
—A— 7 (OWt%) //'
2000F 4
2
£
g
1000 4
BLO11 polymer dispersed liquid crystal
polymer concentrationszg%Swt%
bias electric field=1.8 X 10" V/m
0 p 06Hz o, oy
20 40 60 80 100

d[um]

FIGURE 8 Response time (tq) performances of polymer dispersed liquid
crystal for layer thickness changes.

decreases as d increases as shown in Figure 9. The value of 7, was
37ms at d = 20 um, decreasing to 24ms at 50 um, 21 ms at 75pum,
and 19ms at 100pm for 5wt%, and 7, = 224 ms, 26 ms, 25ms at
d = 20, 50, 100 um respectively for 9 wt%.

If the liquid crystal molecules in the polymer dispersed liquid crys-
tal layer are in contact with the polymer network and are greatly

I ' I ' I ' I ' I ]
BLO11 polymer dispersed liquid crystal
polymer concentration=5wt%,9wt%
200k bias electric field=1.8 X 10°V/m
20GHz
@'
g
o
100 .
-0-- ¢ (5wt%)
—A— o (9Wt%)
O~-__
=S T m— \;
0 | 1 | 1 | 1 | 1 |

d[um]

FIGURE 9 Response time (t,) performances of polymer dispersed liquid
crystal for layer thickness changes.
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restrained by it, then it also follows that liquid crystal molecules exist-
ing separately from the polymer network are hardly affected at all.
Also, the polymer network itself is not uniform but is denser in some
parts and sparser in others. Accordingly, it is thought that some of
the liquid crystal molecules are strongly affected by the polymer net-
work, while others are less affected. However, since 7, is defined as
the time taken for A&’ to change by 90% of its saturated value, it is gov-
erned by molecules that are strongly affected by the restraining action
of the polymer network. When the thickness d of the polymer dis-
persed liquid crystal layer is small, it is thought that the formation
of the polymer network is more susceptible to the effects of the rubbing
direction compared with cases where d is large, and that a network is
formed parallel to the rubbing plane, and hence it is thought that
there are a relatively large number of molecules constrained in a direc-
tion parallel to the rubbing plane.

This is thought to be a reason why 1, increases as d becomes smal-
ler, as shown in Figure 9.

On the other hand, the reason why 74 becomes larger as d increases
as shown in Figure 8 is thought to be because a larger value of d
means that the polymer network forms as a mixture with some parts
that are parallel to the rubbing plane and others that have a perpen-
dicular orientation, so that the restraining force in the direction
parallel to the rubbing plane becomes relatively small.

A POLYMER DISPERSED LIQUID CRYSTAL LOADED
VARIABLE PHASE SHIFTER

Figure 10 shows the structure of a prototype 15 GHz band polymer
dispersed liquid crystal loaded variable phase shifter. This device
has a polymer dispersed liquid crystal layer thickness of d = 100 pm,
an MSL-type meander line length of [ = 165 mm, and a line width of
w = 100 um. To control the phase, this variable phase shifter is sub-
jected to a DC bias field of 0-160V. This polymer dispersed liquid
crystal was fabricated by mixing a concentration of 9wt% and
14 wt% pre-polymer NOAG65 into the nematic liquid crystal BLO11.
Figure 11 shows the photograph of the prototype PDLC loaded phase
shifter.

Figure 12 shows the variable phase vs. bias voltage characteristics
of the variable phase shifter at 9wt% and 14 wt%, and Figure 13
shows the response time characteristics of 9wt% PDLC at each bias
voltage.

Figure 12 shows the results of measuring the variable phase as the
bias voltage is varied from 0V to 160 V. A variable phase range of 130°
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FIGURE 10 Structure of a polymer dispersed liquid crystal loaded variable
phase shifter.

was achieved. A phase of 130° was obtained at bias voltages of 150V or
above, and we decided to check the validity of this value from the
values of ¢ and ¢, shown in Figure 6. The results shown in Figure 6
were measured at 20 GHz, which is different from the frequency
of 15 GHz in Figure 12, but it can be assumed that the permittivity
of the liquid crystal remains equal across this range of frequencies [4].

From Figure 6 we find that 8/‘ =2.89, ¢, =261, and A¢ =0.28. In
an MSL structures shown in Figure 10, the effective permittivity is
smaller than this value due to the effects of the air layer above an
MSL.

If sﬁeff’ €| o> and Aeg are the effective values of STI’ ¢, and A¢, then
the results of electromagnetic simulation show that these values
degrade to e"‘eﬁc =2.07,¢, =195 and Ae;=0.12. If /J, is the

FIGURE 11 Photograph of PDLC loaded phase shifter.
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FIGURE 12 Variable phase vs. bias voltage characteristics of the variable
phase shifter.

free-space wavelength at the measurement frequency and [ is the
length of the meander delay line in Figure 10, then the variable phase
0 can be expressed by Eq. (3) as follows.

0 — %OOZ (\/5\@ _ m) [degree] (3)

By substituting the values ! = 165 mm and 1o = 20 mm (15 GHz) into
this equation, we obtain 0 = 126°, which is fairly close to the experi-
mental value of 6 = 138° of 9wt%PDLC and 130° of 14 wt%PDLC.
However, since the results in Figure 6 were obtained with a bias
voltage of 100V and a thickness of d =50um, and d = 100um in
Figure 12, we selected the value of 130° obtained at a bias voltage of
150V or above as the comparative phase quantity.

In Figure 13, 7, and tq4 both become smaller as the bias voltage
increases. At a bias voltage of 160V, they reach values of 7, = 29 ms
and 14 = 2.2, which are roughly the same as the values of 7, (the
9wt% value shown in Figure 9) and t4 (the 9wt% value shown in
Figure 8) obtained by the microwave resonance method. Figure 13 also
shows that 7, becomes smaller as the bias voltage increases, in agree-
ment with Eq. (1), but the fact that 4 also becomes smaller needs
further investigation.

74 is defined as the time taken for the permittivity to decrease by
90% of its saturated value when the permittivity changes from aﬁ to
¢, from the instant the voltage is turned off. With a bias voltage of
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FIGURE 13 Response time (z,, t4) vs. DC bias voltage characteristics of the
variable phase shifter.

160V, the liquid crystal molecules stand completely perpendicular to
the substrate surfaces, but at 40 V they stand at a smaller non-perpen-
dicular angle. Accordingly, if the fall time is measured after turning off
a bias voltage of 40V, then it should be possible to make a more strict
assessment of the time taken for the liquid crystal molecules to become
parallel to the substrate surfaces compared with a bias voltage of
160V, and as mentioned in section VI, there may also be problems
in the definition of response times due to increases of t4 caused by
regions of polymer that are not completely parallel to the substrate
surfaces.

CONCLUSION

We have proposed using a polymer dispersed liquid crystal to improve
the response time characteristics of microwave- band liquid crystal
adaptive devices.

Concerning with the production method for microwave polymer dis-
persed liquid crystal devices, we showed the guidelines for the selec-
tion of liquid crystal material related to the N-1 phase temperature
and the polymer concentration.

Also, using a microwave resonance method that we proposed, we
have measured how the dielectric properties and response time
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characteristics change with the concentration of dispersed polymer in
the polymer dispersed liquid crystal and we have clarified the quanti-
tative relationship between them.

As a result, we found that the optimal concentration lies in the
range of approximately 7-14wt%, and that the decay time can be
reduced to about 1/30th that of a conventional liquid crystal device.
However, the improvement of decay time that results from using a
polymer dispersed liquid crystal comes at the expense of an increased
rise time and additional insertion loss based on reduction of the dielec-
tric birefringence under conditions where a fixed phase quantity is
obtained in the development of devices such as variable delay lines
operating in the microwave-band.

We have quantitatively illustrated the trade-off relationship
between the improved decay time and these demerits.

Furthermore, although conventional wisdom dictates that 7, and 14
are both independent of the polymer dispersed liquid crystal layer
thickness, we have found that t4 increases and 1, decreases as the
polymer dispersed liquid crystal layer becomes thicker at the rela-
tively low polymer concentrations of 2-14 wt% dealt with in this
article, and we have quantitatively clarified this layer thickness
dependence.

Based on measurements of Sh, ¢, 7, and 74 in polymer dispersed
liquid crystals made using the microwave resonance method, we have
produced a prototype 15GHz microstrip meander line polymer
dispersed liquid crystal loaded variable phase shifter, and by compar-
ing the variable phase and response time with basic experimental data
obtained by the microwave resonance method in this article, we have
verified the validity of these values.
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