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Device Applications of
Side-Chain Ferroelectric Liquid
Crystalline Polymer Films
K. M. Blackwood

Side-chain ferroelectric liquid crystalline polymers are currently used in a number of
applications, including displays and electrical sensors. Comparisons with existing tech-
nologies and materials indicate that relative to ceramics, such polymers have lower
figures of merit but offer greater durability in sensor applications.

Side-chain liquid crystalline polymers
(SCLCPs) may be thought of as having
normal polymeric backbone architectures
with pendant groups that show LC prop-
erties. In 1978, Ringsdorf and co-workers
conducted systematic studies of SCLCPs
(1, 2) and showed that, in order to pre-
serve the LC phase behavior of the meso-
gen, it was necessary to insert a flexible
spacer between the main chain and the
core. Schematically the structure of a
SCLCP can be represented as in Fig. 1.

The response time of a ferroelectric LC
material can generally be related to its vis-
cosity as

™~ n/(EP,) (1)

where 7 is the response time (the response
time of a LC device is typically taken to. be
the time required for a 90% change in the
amount of light transmitted through the de-
vice), E is the applied field, P, is the spon-
taneous polarization of the sample, and m is
the bulk viscosity. In a polymer that, even
above its glass transition temperature T, is
more of a viscoelastic solid, the response
time will be exceptionally slow in compari-
son with traditional LC materials. Given
this, one may wonder what drives the study
of SCLCPs other than mere academic in-
terest. The answer arises from develop-
ments in the low molecular weight area. In
1974, Meyer et al. showed mathematically
that, if one could unwind the helical su-
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perstructure of a chiral smectic C—phase
LC, then the low degree of symmetry
would lead to the development of ferro-
electricity (3). This phenomenon can be
understood by considering the arrange-
ment of the mesogens within the smectic
C phase. LC materials can exhibit many
phase structures between the isotropic
melt and the solid crystal. Of these me-
sophases, the best known is the nematic
phase, in which the mesogenic units have
a degree of long-range ordering not
present in the isotropic melt. This order-
ing causes.the rod-like mesogens to adopt
a preferred orientation. This preferred ori-
entation is known as the director, and the
movement of this director by electric
fields (Fig. 2) is the basis for the present
generation of LC displays.

In their quest for better, faster displays,
researchers turned their attention to the
smectic mesophases. Here, the mesogens
arrange themselves into distinctive layers,
although there is little positional ordering

Polymer
backbone

Flexible spacer
Mesogenic cores

Fig. 1. Schematic diagram of SCLCP architecture.

909




Himssnsn e

within the layers. In the smectic C phase,
the mesogens within each layer are tilted to
one side at a constant tilt angle. If the
mesogen has a chiral center near the core,
then this tile will align the chirally induced
dipoles within each layer. Each layer will
therefore have a degree of polarization even
when no external field is present. This is
" known as the spontaneous polarization (P,)
and is responsible for the appearance of
ferroelectricity. However, the chirality
causes each layer to become twisted with
respect to its neighboring layers; when
summed over many layers, the result is a
helical superstructure, which in turn can-
cels out the P, vector from each layer.
Hence, the sample as a whole has no P,.
In 1980, Clark and Lagerwall succeeded
in unwinding this helical structure and used
a rubbed polymer surface to stabilize it in a
very thin cell (2 wm) (4). This “surface-
stabilized ferroelectric LC” did indeed show
a P, but of greater interest to Clark and
Lagerwall was the fact that the direction of
the P, vector could be switched with the use
of electrical pulses. As the mesogens shown
in Fig. 3 switch around a cone with a cone

angle (0), they can be made to interact with ’

polarized light in the same way as a bire-
fringent slab,

I = Iysin®(2a) sin’[(wAnd)/N]  (2)

(5), where I is the fraction of the incident
light I, transmitted through the device, o
is the angle between the mesogens and the
plane of polarization of the incident light,
An; is the effective in-plane birefrin-
gence of the material, d is the device
thickness, and \ is the wavelength of the
incident light. Thus, if the mesogens are
* aligned parallel to the plane of polariza-
tion, then a = 0, sin’(2a) = 0, and no
light is transmitted. When the molecules
switch to the other side of the cone, «
becomes equal to 26, that is, twice the
cone angle. If 20 = /4 rads, then
sin?(2a) is equal to unity and the trans-
mitted light is therefore only limited by
the optical retardation of the device. In
addition, because of the less disruptive

Light Dark
T Analyzer ><
——
[}
] 0, 0\
clo 2 0l
Nematic LC— = |:| Substrates
= I]
ﬁ:’olanzed Ilghﬁ
Field OFF Field ON

Fig. 2. Diagram of a traditional nematic display
device.
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reorientation processes involved, the elec-
trooptic response time is orders of magni-
tude faster than that of the best nematic
devices. Also, as far as the mesogens are
concerned, either side of the cone is of
equal internal energy and the device is
therefore bistable. Voltage is only required
to switch between the states. In contrast,
in nematic devices a constant field must
be applied to maintain the switched state.

The stability of this unwound helical
structure was questionable, and researchers
reasoned that polymers, with their higher
viscosity, should be more stable in this un-
wound state. In 1984, Shibaev et al. (6)
reported the first example of a ferroelectric
SCLCP. Unfortunately, because of the
higher viscosity, achieving the unwound
state was found to be much more difficult
with polymers than with low molecular
weight LCs. However, in 1987, Uchida et
al., reported the first measurements of elec-
trooptic response time and P, in a ferroelec-

tric SCLCP (7).
Display Applications

Because polymers have a far higher viscosity
than low molecular weight LCs, the molec-
ular design of SCLCPs for display applica-
tions must be approached carefully. In gen-
eral, the material must allow for flexibility of
the mesogens. Thus, polymer backbones
with inherently low T, values are chosen.
Siloxanes and acrylates are preferred, as
these systems have inherently low T, values.
Also, as the work of Ringsdorf and co-work-
ers (1, 2) has shown, it is necessary to incor-
porate a flexible spacer group between the
mesogen and the main chain to preserve the
LC phases. Simplistically, this can be
thought of as decoupling the mesogen from
the main chain. Since 1976, several hundred
low molecular weight LC materials have
been prepared that exhibit the chiral smectic
C phase (S-*) (8). Generally, the mesogenic
core contains at least two aromatic groups
that may or may not be laterally substituted
with various halogens. There is a chiral cen-

Table 1. Piezoelectric and pyroelectric properties
of ferroelectric polymers. The PVDF data are from
(26); the data on SCLCPs are from (27-30). La-
bels p,, and d, indicate how the measurements
were made.

Pyroelectric Piezoelectric
System coefficient (pgg)  coefficient (dy,)
NCcm~ 1K™ (PC N-1)

PVDF

Uniaxial 2.74 31.5

Biaxial 1.25 12.4
SCLCP

Current 5t018 16

Expected 65 40
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ter, usually located in the terminal alkyl
chain, and the structure typically contains
only one asymmetric carbon. To produce the
desired smectic phases for ferroelectric dis-
play applications in SCLCPs, researchers
have tended to follow the design rules clas-
sified for low molecular weight LCs.
Despite this apparent wealth of materials,
there are still stringent requirements for any
materials that might find application in LC
displays. First, they must show a good oper-
ating temperature range, preferably around
room temperature. Second, they require a
reasonable response time, although this re-
quirement is quantified by the type of display
to which they are applied. For video rate
displays, response times in the microsecond
region are preferred. At this time, it is diffi-

‘cult to envisage any polymeric material of-

fering this sort of response speed, as even the
fastest polymeric materials show switching
times of hundreds of microseconds. Howev-
er, for other less complicated displays, re-
sponse times of up to hundreds of millisec-
onds are acceptable. Finally, the SCLCP dis-
play must offer some advantage over existing
technology. Nevertheless, the nature of
polymer science is such that we have many
variables that we can adjust, such as spacer
length, mesogen type, or backbone type, but
there is also the possibility of using copoly-
mers (9-12), elastomers (13-18), cyclic
polymers (19-22), and combined main-
chain and side-chain LC polymers (23).
Despite all these design parameters, in
1993 Idemitsu Kosan demonstrated the first
ferroelectric LCP display (24). This consist-
ed of a layer of ferroelectric SCLCP (2 pm)
constrained between two plastic substrates
(each 100 pm thick). Indium-tin oxide
electrodes (0.05 wm thick) were patterned
on one side of each of the substrates, and
alignment of the SCLCP was achieved by
the shearing of the device according to
Idemitsu’s own patented technique (25).
This type of display offers levels of robust-
ness and flexibility that are found in no
other display type, as well as advantages in
the ease of processing.

Sensor Applications

A ferroelectric material has a certain degree
of inherent polarization, even when no ex-
ternal field is applied (Fig. 4). In the case of
a normal dielectric material, as the applied
field is increased the degree of polarization
increases (Fig. 4A). This relation continues
until the level of applied field exceeds the
dielectric strength of the material; then di-
electric breakdown occurs. However, for a
ferroelectric material, a residual polarization
is present. If the material is perfectly aligned,
this value will remain constant despite the
increasing field (Fig. 4B). However, if the



material is not perfectly aligned, then the
level of this polarization increases up to a
maximum value (Fig. 4C). This represents
the further aligning of the P_ vectors within
the material. When the field is reversed, the
perfectly aligned ferroelectric will switch
from one state to the other once a threshold
field is exceeded. In the case of the less
well-aligned material, the polarization will
fall gradually as the material reorients into
the other stable state.

Both of these systems will therefore ex-
hibit a hysteresis effect in the polarization
response to a sinusoidal field. This hysteresis
shows the presence of P, Moreover, the
magnitude of this polarization is clearly a
function of the degree of alignment within
the material. This is what makes ferroelec-
tric materials so interesting. Clearly, any
external stimulus that alters the degree of
internal ordering within the material will
change the value of polarization; examples
of such stimuli are heat and pressure. The
resultant change in the value of P, can be
recorded as a small voltage set up across the
material. Ferroelectric materials thus have
been termed “smart” materials because they
have the ability to respond to their environ-
ments and in so doing produce some detect-
able effect. The obvious application for
these ferroelectric materials is as pressure
and temperature sensors, termed piezoelec-
tric and pyroelectric devices, respectively.

The piezo- and pyroelectric sensor mar-
ket has for a long time been dominated by
inorganic materials, initially with unusual
crystal structures such as that found in
quartz, but later with more esoteric ceramic
materials such as lead zirconic titanate. Al-
though the design and production of these
ceramic materials represent major challeng-
es to the scientists involved, there are still
inherent problems with the physical prop-
erties of ceramics, particularly brittleness.
Moreover, the effects of temperature and
pressure on the molecular structure of ma-
terials must be related to the mechanical
properties of the system. In order to cover
the broad range of possible applications,
there is a need for materials with the pyro-
and piezoelectric properties of these ceram-
ics but with the mechanical compliance of
polymers. An organic polymer system, poly-

Fig. 3. Diagram of a sur-
face-stabilized ferroelec-
tric LC display.

Smectic
layer planes

(vinylidene difluoride) (PVDF), was found
to form a noncentrosymmetric crystal struc-
ture and to have ferroelectric properties.
The PVDF system has an enormous P, but a
very low order parameter; that is, although
the crystal unit cell has a very large value of
polarization, the relative orientation of
these unit cells is poor. Nevertheless, PVDF
still finds applications where the unique
mechanical parameters of polymers are re-
quired. One such application is in ultra-
sound detectors for medical imaging:

Ferroelectric SCLCPs offer an as yet rel-
atively unexplored route to pyro- and piezo-
electric sensors. Because of the molecular
architecture of SCLCPs, the values of P, in
these materials will be significantly lower
than that of PVDF and well below those of
ceramic materials. However, the LC nature
of these materials means that the order
parameter will be much larger than that
found even in uniaxially oriented PVDF.
Also, because of these LC properties, these
systems have a natural tendency to self-
order. Unlike ordering in PVDF, ordering
in SCLCPs does not need to be imposed by
high thermal and electrical poling fields.
SCLCPs have been shown to offer perfor-
mance close to that of PVDF (Table 1).
Because the piezo- and pyroelectric proper-
ties are related to the product of P, and the
order parameter, we can speculate, on the
basis of our knowledge of the magnitude of
P, in some ferroelectric LC systems com-
bined with the expected order parameter
values, about values for the piezo- and py-
roelectric coefficients that we may reason-
ably expect from SCLCP devices.

Clearly, ferroelectric SCLCPs could rep-
resent serious competitors for PVDF, al-
though they are still, like PVDF, behind the
best ceramics. Nevertheless, this technolo-
gy is still young and the materials currently
under study have not been optimized for
this application. Therefore, a challenge to
inorganic ceramic materials may yet come
from organic polymers.

Future Uses

Ferroelectric SCLCPs were developed as a
result of the work by Clark and Lagerwall
(4) in the development of low molar mass

T
Ferroelectric Ps vector
mesogen Response to applied electric field

P vector down P vector up

lPuIse ;

Cone angle

Cell substrate
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ferroelectric LC displays. Ferroelectrics are
considered to represent the next generation
of LC displays, offering superfast response
times and low power bistability, but at
present they suffer from poor mechanical

shock resistance. On the other hand,
SCLCPs have notoriously slow response
times but are not as sensitive to mechanical
damage. Over the past few years, these two
technologies have combined to produce fer-
roelectric SCLCPs. Thus, the high speed of
the ferroelectric switching process compen-
sates for the slow response time of the poly-
mers, and the high dimensional stability of
the polymers compensates for the mechani-
cal sensitivity of the ferroelectric mesogens.
However, the response time of a SCLCP
device is still far too slow for such applica-
tions as laptop computers, and improvement
of more than an order of magnitude is re-
quired for applications involving real-time
video displays. It is unclear whether this
degree of improvement will ever be achiev-
able, but there are still many markets, such
as advertising boards, personal data assistant
displays, and public information displays,
that do not require a fast response time.
These applications would benefit from the
advantages of a SCLCP device but would
not be hindered by the drawbacks.

This wealth of research into both ma-
terials and devices is now being focused
into prototype devices. Generally, these
displays consist of plastic film with the
SCLCP sandwiched between. The display
is therefore lightweight, flexible, and rug-
ged. This research area is now coming to
fruition, and the first applications are now
being considered.

Research into this area produced a spin-
off, ferroelectric polymers. These polymers
were naturally ferroelectric and therefore
exhibited piezo- and pyroelectric properties.
However, because of the inherent self-as-
sembly of LC mesogens, ferroelectric prop-
erties could be observed without the intri-
cate poling processes involved with materi-
als such as PVDEF. Although the sensor
market is dominated by the ceramics and it
is very difficult to imagine a SCLCP chal-
lenging the dominance of the ceramics in
the hydrophone devices, there may well be
niche markets where, as with PVDF in med-
ical sensors, SCLCPs can find a position.

C P}
E i 1 E
Fig. 4. Polarization (P) response to an applied
electric field (E) for (A) a linear dielectric, (B) an

idealized ferroelectric, and (C) a typical ferroelec-
tric material.
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The molecular organization in ultrathin polymer films (thicknesses less than 1000 ang-
stroms) and thin polymer films (thicknesses between 1000 and 10,000 angstroms) may
differ substantially from that of bulk polymers, which can lead to important differences
in resulting thermophysical properties. Such constrained geometry films have been
fabricated from amorphous poly(3-methyl-4-hydroxy styrene) (PMHS) and semicrystal-
line poly(di-n-hexyl silane) (PD6S) by means of spin-casting. The residual solvent content
is substantially greater in ultrathin PMHS films, which suggests a higher glass transition
temperature that results from a stronger hydrogen-bonded network as compared with
that in thicker films. Crystallization of PD6S is substantially hindered in ultrathin films, in
which a critical thickness of 150 angstroms is needed for crystalline morphology to exist
and in which the rate of crystallization is initially slow but increases rapidly as the film

approaches 500 angstroms in thickness.

A synthetic polymer exhibits substantial
interdependence among its chemical com-
position, processing protocol, and morpho-
logical structure and among its resulting
mechanical, thermal, optical, and electrical
properties. Typically, the bulk physical pa-
rameters depend on the macromolecular
nature of the material, with the character-
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istic molecular dimension being the radius
of gyration R, which is proportional to the
square root of the molecular weight. For
typical commercial polymers having molec-
ular sizes in the range of 100,000 daltons, R,
might be on the order of 100 A. In the bulk
state, a particular “test chain” such as might
be isolated through selective deuteration
and measured by neutron scattering, exhib-
its a Gaussian distribution of the distances
of one chain end from the other. About 1%
of the volume within the roughly spherical
domain encompassing this test chain is oc-
cupied by the chain itself, with the remain-
der being occupied by many other inter-
tangled chains. This picture of the amor-
phous solid state, first predicted by P. ].
Flory in 1953 and subsequently verified by
neutron scattering, is well accepted for the
bulk state. However, relatively recent sim-
ulations indicate that the picture must be
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modified for regions near solid substrates
and for polymer films of constrained geom-
etry, such as those whose film thickness is
comparable to a small multiple of R, (I).
Such constrained geometry films may be
classified | as “ultrathin” for thicknesses
<1000 A and as “thin” for thicknesses
between 1000 and 10,000 A (1 pm). Ten
Brinke (2) performed lattice Monte Carlo
(MC) simulations on a polymer melt con-
fined between parallel plates and found
variations in chain conformation when the
distance between the plates was comparable
to 2R,. In off-lattice MC simulations, Ku-
mar (3) found two correlation length scales:
Single-chain properties were disturbed over
a distance comparable to 2R, whereas
many chain properties were screened out at
a length three times the monomer segment
size. Molecular dynamics simulations of
confined chains showed that the solid-melt
interface is approximately two segment di-
ameters thick and the segment mobility is
highly anisotropic in the interfacial region
(4). Finally, self-consistent field lattice
model calculations (5) of polypropylene on
graphite showed an enrichment of the in-
terface with polymer ends, some flattening
of the chains parallel to the substrate, and
anisotropic molecular mobilities.

Application Issues for
Polymer Thin Films

Although mechanical applications of poly-
mers take advantage of their bulk properties,
there are numerous' technologies in which
ultrathin and thin polymer films are found.
For example, they are used as resists and
interlayer dielectrics in microelectronics fab-
rication, as alignment layers in liquid crystal
displays, and as lubricants in magnetic infor-
mation storage devices. In each of these
applications, the polymer chain orientation
and state of organization play important





