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LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates to a liquid crystal
display device, and in particular to a surface mode LCD such
as a pi-cell device or a splay-bend device (SBD).

[0003]

[0004] The term “surface mode LCD” as used herein
means an LCD in which the optical change caused by
varying the electric field across the liquid crystal layer
occurs primarily in layers in the vicinity of a substrate of the
liquid crystal. Examples of surface mode LCDS are the
pi-cell and the splay-bend device, although other types of
surface mode LCDs are known. Surface mode LCDs are
disclosed in “Sov. J. Quantum Electronics”, 1973, Vol 3,
p78-79.

[0005] The pi -cell (otherwise known as an “optically
compensated birefringent device” or OCB) is described in
“Mol. Cryst. Liq. Cryst.”, 1984, Vol 113, p329-339, and in
U.S. Pat. No. 4,635,051. The structure of a pi-cell is sche-
matically illustrated in FIG. 1. The device comprises trans-
parent substrates 1, 1' on which are disposed alignment
layers 2, 2'. A layer of nematic liquid crystal 3 is disposed
between the substrates 1, 1'.

[0006] The alignment layers 2, 2' create parallel alignment
of the liquid crystal molecules in the liquid crystal layer 3 at
its boundaries with the alignment layers 2, 2'. This can be
achieved by using parallel-rubbed polyamide alignment
layers.

1. Field of the Invention

2. Description of the Related Art

[0007] Addressing electrodes (not shown) are provided on
the substrates 1, 1', so that an electric field can be applied to
selected areas of the liquid crystal layer. The liquid crystal
layer 3 is placed between linear polarizers 4, 4, whose
transmission axes are crossed with one another and are at
45° to the optic axis of the liquid crystal layer.

[0008] A retarder 5 with its optic axis perpendicular to the
optic axis of the liquid crystal layer, may optionally be
provided to compensate for the retardation of the liquid
crystal layer. The retarder lowers the required range for the
operating voltage by allowing zero retardation of the LCD to
be achieved at a finite voltage across the liquid crystal layer.

[0009] FIG. 1 shows a transmissive LCD. A pi-call can
also be embodied as a reflective device by providing a
reflector below the liquid crystal layer, possibly by making
the addressing electrode on the lower substrate a reflective
electrode. The lower polarizer 4' is not required with a
reflective pi-cell.

[0010] The principle of operation of the pi-cell device is
illustrated in FIGS. 2A to 2D.

[0011] When no electric field is applied across the liquid
crystal layer, the liquid crystal is in an H-state (homogenous
state or splay state), in which the liquid crystal molecules in
the center of the liquid crystal layer are substantially parallel
to the substrates. This is shown in FIG. 2A. The short lines
in the figures represent the director of the liquid crystal
molecules.
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[0012] When an electric field greater than a threshold
value is applied across the liquid crystal layer, the liquid
crystal molecules adopt a V-state (or a band state). In this
state, the liquid crystal molecules in the center of the liquid
crystal layer are substantially perpendicular to the sub-
strates. FIG. 2C shows a first V-state which occurs at a low
applied voltage across the liquid crystal layer, and FIG. 2D
shows a second V-state which occurs when a higher voltage
is applied across the liquid crystal layer. The pi-cell is
operated by switching the liquid crystal layer between the
first, low voltage V-state and the second, higher voltage
V-state.

[0013] If the electric field across the liquid crystal layer
should be reduced below the threshold value, the liquid
crystal layer will relax to the H-state of FIG. 2A; in order
to re-commence operation of the device, it is necessary to
put the liquid crystal layer back into the V-state. This
generally requires a large applied voltage, owing to the low
pre-tilt of the liquid crystal molecules. The pre-tilt is usually
below 45° and typically between 2 and 10° so as to provide
sufficient optical modulation and fast switching between the
two V-states (for instance of the order of a millisecond or
less).

[0014] One problem with known OCB devices is the
difficulty of nucleating and stabilising the V-state, which is
topologically distinct from the H-state. One prior art tech-
nique is described in UK Patent Application 9521043.1/2
306 228. In this prior art technique, the V-state is nucleated
under the application of a high voltage, and is stabilized by
the polymerization of a network whilst a high voltage is
applied. This prior art technique is, however, unsuitable for
use in active matrix devices, since it is difficult to apply
voltages having the required magnitude in a TFT panel. A
further disadvantage is that the in-situ polymerization can
lead to ionic contamination of the liquid crystal layer, and
result in image sticking,.

[0015] The SBD device, which is also a surface mode
device, is described in UK Patent Application No.
9712378.0/2 326 245. The structure of an SBD device is
generally similar to that of a pi-cell, except that the align-
ment layers in an SBD device have a high pre-tilt whereas
the alignment layers in a pi cell have a low pre-tilt. An SBD
device uses a liquid crystal material with a negative di-
electric anisotropy, whereas a pi-cell uses a liquid crystal
material having a positive di-electric anisotropy.

[0016] The principle of operation of an SBD is analogous
to that of a pi-cell. When no voltage is applied across the
liquid crystal layer of an SBD, the stable liquid crystal state
is a V-state. When an electric field greater than a threshold
value is applied across the liquid crystal layer, an H-state
becomes stable. The SBD is operated by switching the liquid
crystal between a first H-state which occurs at a low applied
voltage across the liquid crystal layer and a second H-state
which occurs when a higher voltage is applied across the
liquid crystal layer. If the electric field across the liquid
crystal layer is reduced below the threshold value, the liquid
crystal Will relax into the V-state and it will be necessary to
put the liquid crystal back into the H-state before operation
can be re-commenced.

[0017] The high pre-tilt alignment layers required for an
SBD can be produced, for example, by the photo-polymer-
ization of a mixture of reactive mesogens.
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[0018] SID 97 Digest, page 739, discloses a method of
promoting nucleation of the V-state in a pi-cell. Voltages of
the order of 20 V are applied across the liquid crystal layer
to switch the liquid crystal from the H-state to the V-state.
However, it is difficult to provide voltages of this magnitude
in a TFT (thin film transistor) substrate.

[0019] Japanese published Patent Application JP-A-9
90432 (Toshiba) discloses the provision of nucleation sites
within a pi-cell panel. The nucleation sites are provided by
including spacer balls or pillars within the pi-cell panel, and
cooling the liquid crystal material from an isotropic phase to
a nematic phase while an electric field is applied across the
panel. This results in some of the spacer balls/pillars acting
as nucleation sites for growth of the V-state into the existing
H-state. This prior art has a number of disadvantages.
Firstly, it requires additional process steps during fabrication
of the panel, since it is necessary to align the liquid crystal
molecules under the influence of an applied electric field.
These additional process steps complicate the fabrication of
the panel. Secondly, some spacer balls/pillars can cause the
H-state to form in the desired V-state, thus destabilising the
operating state of the panel.

[0020] Miwa et al disclose, in IDW 97-Digest page 85, a
method of maintaining the stability of a V-state in a pi-cell.
A resetting period is provided within each frame, and the
high voltage V-state is addressed in this period. This pre-
vents the liquid crystal layer relaxing to the H-state when
low driving voltages are applied. This does not, however,
address the initial nucleation of the V-state from the H-state.

[0021] U.S. Pat. No. 4,566,758 discloses a surface mode
nematic liquid crystal display device in which the liquid
crystal layer contains a chiral dopant. When no voltage is
applied across the liquid crystal layer, the liquid crystal
relaxes to a twist state rather than to an H-state. The
problems associated with nucleating the V-state are reduced
or even eliminated, since the twist state is topologically
equivalent to the V-state. However, this approach requires
that the ratio of the thickness d of the liquid crystal layer to
the pitch p of the twist of the liquid crystal molecules must
be d/p>0.25, and such a high d/p value is known to reduce
the brightness of the display. It is not possible to reduce d/p
below 0.25 since, in order to obtain a 180° twist, it is
necessary to bias the pitch of the liquid crystal molecules
enough to favor the twist angle of 180° over a twist angle of
0°, and this requires the value of d/p to be greater than 0.25.
(It is necessary for the liquid crystal to conform to the
rubbing directions of the alignment films on the two sub-
strates, so that the liquid crystal layer in a pi-cell geometry
is constrained to have a twist of 0°, 180°, 360°, etc.)

[0022] Co-pending UK Patent Application No. 98227622
(GB 2 343 011) discloses a surface mode liquid crystal
display device in which the liquid crystal layer contains
nucleation regions in which the desired operating state is
stabilized. These nucleation regions are obtained by provid-
ing regions of different pre-tilt angle on at least one of the
substrates Such a device has the disadvantage that additional
processing steps are required in order to provide the regions
of different pre-tilt angle that produce the nucleation regions.

[0023] As is well known in the field of liquid crystals, the
H- and V-states of a pi-cell have the property that they are
topologically in-equivalent i.e. application of voltage to a
pi-cell in the H-state cannot produce a smooth and continu-
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ous transformation of the pi-cell into a V-state (and vice
versa). Instead the transformation requires that alignment
defects (alternatively known as ‘discontinuities’, ‘singulari-
ties” or ‘disclinations’) must form (or ‘nucleate’) in the
liquid crystal before the transformation can occur. Observa-
tion of a pi-cell (using for example, a polarizing optical
microscope) undergoing a transformation from an H-state to
a V-state allows the nucleation of such defects to be clearly
observed, and their movement through the liquid crystal to
be observed as the V-state grows to replace the H-state.

[0024] The H- and T-states (twisted state) are also topo-
logically in-equivalent, that is, a transformation from the T-
to H-state requires the nucleation and movement of defects
within the liquid crystal.

[0025] The nucleation of the defects in the liquid crystal
alignment that are required to produce transitions between
topologically in-equivalent states can be difficult to reliably
achieve and control. It is an object of the current patent to
reliably and controllably allow the transformation of a
pi-cell from one state (e.g., an H-state) into another state
(i.e., the V- or T-state).

[0026] The V-state and the T-state of a pi-cell are topo-
logically equivalent. So for example, if the voltage on a
uniform pi-cell initially in the T-state is smoothly increased,
the pi-cell will undergo a uniform and continuous transfor-
mation into the V-state, without any requirement for the
nucleation and movement of defects. The configurations of
two V-states at different voltages are also topologically
equivalent, that is a V-state configuration at either voltage
can be continuously transformed into the V-state configu-
ration at the second voltage, by the act of varying applied
voltage.

SUMMARY OF THE INVENTION

[0027] The present invention provides a liquid crystal
display device comprising: a chiral liquid crystal layer
disposed between first and second substrates, and means for
applying a voltage across the liquid crystal layer; wherein a
first region of the liquid crystal layer is an active region for
display and a second region of the liquid crystal layer is a
nucleation region for generating a desired liquid crystal state
in the first region when a voltage is applied across the liquid
crystal layer, and wherein the ratio of the thickness d of the
liquid crystal layer to the pitch p of the liquid crystal
material has a first value (d/p), in the first region of the
liquid crystal layer and has a second value (d/p)y different
from the first value in the second region of the liquid crystal
layer.

[0028] The second region acts as a nucleation region. The
stable state in the second region when no voltage is applied
across the liquid crystal layer is chosen such that, when a
voltage is applied across the liquid crystal layer, the desired
stable state is generated in the active region easily and
repeatably.

[0029] The value (d/p)y of the ratio of the thickness d of
the liquid crystal layer to the pitch p of the liquid crystal
material in the second region of the liquid crystal layer may
be selected such that, when no voltage is applied across the
liquid crystal layer, the liquid crystal state stable in the
second region of the liquid crystal layer is topologically
equivalent to the desired liquid crystal state. This facilitates
the process of nucleating the desired stable state in the active
region.
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[0030] The first twist angle may be different by 180° from
the second twist angle.

[0031] The value of the ratio of the thickness d of the
liquid crystal layer to the pitch p of the liquid crystal
material in the first and second regions of the liquid crystal
layer may be selected such that, when no voltage is applied
across the liquid crystal layer, a first liquid crystal state
having a first twist angle is stable in the first region of the
liquid crystal layer, and a second liquid crystal state having
a second twist angle different from the first twist angle is
stable in the second region of the liquid crystal layer.

[0032] The value (d/p)y of the ratio of the thickness d of
the liquid crystal layer to the pitch p of the liquid crystal
material in the second region of the liquid crystal layer may
be greater than the value (d/p), of the ratio of the thickness
d of the liquid crystal layer to the pitch p of the liquid crystal
molecules in the first region of the liquid crystal layer. The
first liquid crystal state may be a 0° twist state and the
second liquid crystal state may be a 180° twist state. The 0°
twist state may be an H-state.

[0033] As noted above, the 180° twist state is topologi-
cally equivalent to the desired operating states of a pi-cell.
When the invention is applied to a pi-cell, when a voltage is
applied across the liquid crystal layer, the desired operating
state will grow from the 180° twist state contained in the
nucleation region.

[0034] An alignment direction on the first substrate may
be parallel to an alignment direction on the second substrate,
and the values of the ratio of the thickness d of the liquid
crystal layer to the pitch p of the liquid crystal molecules in
the first and second regions of the liquid crystal layer may
be selected such that (d/p),<0.25 and 0.25=(d/p)=0.75.
These alignment directions will stabilize the 0° twist state in
the first region and the 180° twist state in the nucleation
region.

[0035] The ratio (d/p), of the thickness d of the liquid
crystal layer to the pitch p of the liquid crystal material in the
first region of the liquid crystal layer may be less than 0.125,
and it may be less than 0.1. Use of a low d/p ratio means that
the brightness of the active region will not be significantly
reduced.

[0036] The device may be a surface mode liquid crystal
display device. The device may be a pi-cell. The desired
liquid crystal state in the active region may be a V-state.

[0037] The device may be a reflective liquid crystal dis-
play device. The second liquid crystal layer region may be
disposed at a via-hole. It is normal for a reflective liquid
crystal display device to incorporate via holes, for example
to enable electrical connection to a reflective electrode. The
thickness of the liquid crystal layer in a via-hole region will
be greater than the thickness of the liquid crystal layer
elsewhere, and so the thickness-to-pitch ratio will be greater
in the via hole region than elsewhere. Thus a via-hole region
can conveniently be used as a nucleation region in a liquid
crystal display device according to the present invention. In
this embodiment, no additional processing steps are required
to obtain a region of increased thickness-to-pitch ratio of the
liquid crystal layer to act as the nucleation region.

[0038] The device may be a transmissive and reflective
liquid crystal display device. The second region may be
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provided in a transmissive region in the transmissive and
reflective liquid crystal display device. The nucleation
region and the active region may be provided in a display
region in the transmissive and reflective liquid crystal dis-
play device.

[0039] The twist of the liquid crystal layer in the second
region of the liquid crystal layer may be non-zero and may
be opposite to the natural twist of the liquid crystal mol-
ecules, and the value (d/p)y of the ratio of the thickness d of
the liquid crystal layer to the pitch p of the liquid crystal
molecules in the second liquid crystal region may be smaller
than the value (d/p), of the ratio of the thickness d of the
liquid crystal layer to the pitch p of the liquid crystal
molecules in the first region of the liquid crystal layer.

[0040] An alignment direction on the first substrate may
be at an angle ¢ to an alignment direction on the second
substrate, and the values of the ratio of the thickness d of the
liquid crystal layer to the pitch p of the liquid crystal
molecules in the first and second regions of the liquid crystal
layer may be selected such that:

ay_¢ 1 (4 o 1
(;]a-ﬂ‘z““n (;]ﬁﬂ‘z

[0041] The pitch p, of the liquid crystal molecules in the
first region of the liquid crystal layer may not be equal to the
pitch py of the liquid crystal molecules in the second region
of the liquid crystal layer.

[0042] The thickness d, of the liquid crystal layer in the
first region of the liquid crystal layer may not be equal to the
thickness dy of the liquid crystal layer in the second region
of the liquid crystal layer.

[0043] The voltage applying means may be arranged to
apply the voltage across the first and second regions. For
example, the first region may surround the second region.
Alternatively, the voltage applying means may be arranged
not to apply the voltage across the second region. For
example, the second region may be disposed in an inter-

pixel gap.

[0044] A voltage may be applied to the nucleation region
for substantially the same amount of time as an amount of
time during which a voltage is applied to a display region of
the liquid crystal display device.

[0045] The liquid crystal display device may further com-
prise a storage capacitor. The nucleation region may be
provided in the vicinity of the storage capacitor.

[0046] The present invention also provides a liquid crystal
display device comprising: a liquid crystal layer disposed
between first and second substrates, and means for applying
a voltage across the liquid crystal layer. The liquid crystal
layer includes a first region having a first thickness, and a
second region adjacent to the first region having a second
thickness. A first state of the liquid crystal layer in the first
region and a second state of the liquid crystal layer in the
second region coexist under a predetermined condition. The
first state is topologically different from the second state.

[0047] The predetermined condition may be the absence
of an applied voltage across the liquid crystal layer.
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[0048] The first state may be the H-state and the second
state may be a T-state.

[0049] A tilt angle of the liquid crystal layer may be
defined by the liquid crystal layer and the first substrate. A
tilt angle of the liquid crystal layer in the first region may be
substantially equal to a tilt angle of the liquid crystal layer
in the second region.

[0050] The first state and the second state may be the
V-states in the presence of an applied voltage across the
liquid crystal layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] Preferred embodiments of the present invention
will now be described by way of illustrative example with
reference to the accompanying figures in which;

[0052] FIG. 11 is a schematic sectional view of an OCB
device (pi-cell);

[0053] FIGS., 2Ato 2D illustrate the principle of operation
of an OCB device;

[0054] FIGS. 3A and 3B are schematic sectional views
illustrating the principle of the present invention,

[0055] FIG. 4 is a schematic sectional view of a liquid
crystal display device according to an embodiment of the
invention when no voltage is applied across the liquid
crystal layer;

[0056] FIG. 5 is a schematic sectional view of the liquid
crystal display device of FIG. 4 when a voltage is applied
across the liquid crystal layer;

[0057] FIG. 6 is a schematic plan view of a liquid crystal
device according to an embodiment of the invention;

[0058] FIG. 7 shows the dependence of the speed of
propagation of a dislocation in a liquid crystal material as a
function of the d/p ratio;

[0059] FIG. 8 is a schematic sectional view of a liquid
crystal display device according to a further embodiment of
the present invention;

[0060] FIG. 9 is a schematic perspective view of the
principal optical components of the liquid crystal display
device of FIG. §;

[0061] FIG. 10 shows the characteristic curve of reflec-
tance against applied voltage for a reflective liquid crystal
display, for various values of the d/p ratio; and

[0062] FIGS. 11A and 11B illustrate the method of manu-
facture of a liquid crystal display device according to a
further embodiment of the present invention and

[0063] FIG. 11C shows liquid crystal display device
manufactured by the method of FIGS. 11A and 11B.

[0064] FIG. 12 is an enlarged, top view of a pixel portion
of a TFT liquid crystal panel.

[0065] FIGS. 13A to 13C are schematic, top views used
for explaining a nucleation region of the TFT liquid crystal
panel of FIG. 12.

[0066] FIG. 14 is a top view of a high aperture ratio TFT
liquid crystal panel 1400 according to the present invention.
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[0067] FIG. 15 is a cross-sectional view of the high
aperture ratio TFT liquid crystal panel 1400, taken along line
A-A' shown in FIG. 14.

[0068] FIGS. 16A and 16B show a liquid crystal display
device including a 180° twist region and a splay region.

[0069] FIG. 17 is a graph showing a change in a coexist-
ence region with respect to a level difference d;, and
(d,+d,)/p when a tilt angle is small.

[0070] FIG. 18 is a table showing a relationship between
a twist region width and a coexistence state of a splay region
and a 180° twist region.

[0071] FIG. 19 shows a structure in which a reflective
display region and a transmissive display region are pro-
vided in one pixel in a transmissive and reflective liquid
crystal display device.

[0072] FIG. 20 is a schematic, top view showing a 180°
twist region and a splay region in a certain cell.

[0073] FIG. 21 is a graph showing the proportion of a
180° twist region and a voltage allowable width of dark
display where a contrast is 200:1.

[0074] FIG. 22 is a graph showing a change in a coexist-
ence region with respect to a level difference d;, and
(d;+d,)/p when a tilt angle is large.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0075] The principle of the present invention will be
described below. Liquid crystal used in the present invention
adopts four different states depending on the magnitude of
an applied voltage. The four different states are herein called
a first state, a second state, a third state, and a fourth state
which can exist in the presence of a low applied voltage
under a typical environment, defined by having an ascending
order of the magnitude of a minimum applied voltage. The
liquid crystal is designed so that the topologically different
first and second states coexist in adjacent regions under
predetermined conditions. The predetermined conditions are
defined, for example, by a specified voltage (including a
voltage zero) being applied across the liquid crystal. In this
situation, if a voltage greater than or equal to the specified
voltage is applied across the liquid crystal, the liquid crystal
is transitioned from the second state to the third or fourth
state. The transition of the second state induces transition of
the first state to the third or fourth state in the presence of a
voltage. In a liquid crystal display device, display is
switched between the third and fourth states. According to
the present invention, at least one of the pitch and thickness
of a liquid crystal layer is adjusted in order to allow the first
and second states to coexist in adjacent regions.

[0076] FIG. 2 illustrates operation of an OCB device as an
exemplary liquid crystal display device according to the
present invention. As noted above, the operating states are
the two V-states (corresponding to the third and fourth
states) shown in FIGS. 2C and 2D, and the device is
operated by switching the liquid crystal state between these
two V states. It is necessary to apply a finite voltage across
the liquid crystal layer in order to obtain either of the
V-states and if the applied voltage is reduced below a critical
threshold value then the liquid crystal relaxes to the H-state
(corresponding to the first state) shown in FIG. 2A. In order
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for operation of the device to be recommenced, the liquid
crystal layer must be put back into a V-state.

[0077] When the voltage applied across the liquid crystal
layer in reduced below the threshold voltage, a 180° twist
state (corresponding to the second state) as shown in FIG.
2B appears initially, before the appearance of the H-state
shown in FIG. 2A. The 180° twist state (T-state) is topo-
logically equivalent to the V-states shown in FIGS. 2C and
2D, but is topologically distinct from the H-state of FIG.
2A. The 180° twist state is stable only for a small range of
applied voltage, and as the voltage is reduced to zero, the
180° twist state is superseded by the H-state. The 180° twist
state is an example of the T-state.

[0078] The presence of the 180° twist state during the
transition from a V-state to the H-state has generally not
been considered to be relevant to, or useful in, the operation
of a pi-cell. The present invention, however, aims to allow
the first state (e.g., H-state) and the second state (e.g.,
T-state) to coexist in adjacent regions in a liquid crystal layer
under predetermined conditions. When a voltage greater
than or equal to the voltage of the predetermined conditions
(including a voltage zero) is applied across the liquid crystal
layer, the second state region will act as a nucleation region
and will generate the third and fourth states (e.g., V-state)
which can then become an active region of the device (or the
remainder of the active region if the nucleation region is
disposed within the active region). In the foregoing, the first
and second states are the H-state and the T-state, respec-
tively. The present invention is not limited to this.

[0079] Further, in the above-described OCB device, two
states (H-state and T-state) are adopted at a zero applied
voltage. The present invention is not limited to this. For
example, even when both the nucleation region and the
active region are in the H-state at a virgin state just like a
liquid crystal panel left alone for a long time, after both
regions become V-state in a high applied voltage, the nucle-
ation region may back to the T-state in the presence of a zero
or low applied voltage. In this case, the liquid crystal of the
nucleation region is transitioned from the T-state to the
V-state in the presence of a greater applied voltage than that
low applied voltage, leading to transition of the liquid crystal
in the active region to the V-state in the presence of an
applied voltage.

[0080] FIGS. 3A and 3B schematically show a specific
example of an OCB device according to the present inven-
tion. FIGS. 3A and 3B show a liquid crystal display device
according to an embodiment of the invention in the state of
zero applied voltage and a non-zero applied voltage, respec-
tively. The OCB device of FIGS. 3A and 3B includes an
active region 10 (first region) and a via hole region 11
(second region) functioning as a nucleation regions.

[0081] The present invention uses a liquid crystal layer
that contains a twisted liquid crystal material. This can be
either a combination of a liquid crystal material such as a
nematic liquid crystal material and a chiral dopant, or it can
be a liquid crystal material that is intrinsically chiral such as
a cholesteric liquid crystal material.

[0082] According to the present invention, the ratio of the
thickness of the liquid crystal layer to the pitch of the liquid
crystal material (hereinafter known as the “thickness-to-
pitch ratio”) is not constant over the entire liquid crystal
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layer. The thickness-to-pitch ratio of the active region 10 is
preferably selected so as to satisfy the relationship
(d/p) o<0.25, where (d/p) s =d/pa, d4 is the thickness of the
liquid crystal layer in the active region 10 and p 4 is the pitch
of the liquid crystal material of the liquid crystal layer in the
active region 10. The liquid crystal state in the active region
is therefore not a twist state, and will be an H-state as in a
conventional pi-cell.

[0083] In the embodiment of FIGS. 3A and 3B, the
nucleation region 11 has a thickness to-pitch ratio (d/p)y that
is greater than the thickness to-pitch ratio (d/p) , of the active
region. The ratio (d/p)y=dn/px, Where dy is the thickness of
the liquid crystal layer in the nucleation region 11 and py is
the pitch of the liquid crystal material of the liquid crystal
layer in the nucleation region 11.

[0084] The thickness dy of the liquid crystal layer in the
nucleation region 11 and the pitch py; of the liquid crystal
material in the nucleation region are preferably selected such
that 0.252(d/p)=0.75. As a result, a 180° twist state is
stabilized within the nucleation region when no voltage is
applied across the liquid crystal layer. A disclinations 12
exists at the boundary between the 180° twist state of the
nucleation region 11 and the H-state of the active region 10.

[0085] 1In the embodiment of FIGS. 3A and 3B, the pitch
of the liquid crystal material in the active region 10 is equal
to the pitch of the liquid crystal material in the nucleation
region 11. That is, p,=py, and the variation in the thickness-
to-pitch ratio is obtained by making d,=dy.

[0086] In order to put the device of FIG. 3A into its
operating state, it is necessary to apply a voltage across the
liquid crystal layer that is greater than a threshold value at
which the Gibbs free energy of the H-state and the V-state
are equivalent. When a voltage equal to this threshold
voltage is applied, the relative stability of the states changes
to favor the V-state over the H-state. The V-state, which can
be considered as a distorted twist state, can then grow from
the 180° twist state in the nucleation region 11 into the active
region 10, and will replace the H-state throughout the active
region.

[0087] Where the embodiment of FIGS. 3A and 3B is
applied to an active matrix TFT device, it is preferable for
the nucleation region 11 to be disposed beneath the black
mask of the device.

[0088] The threshold voltage required to nucleate the
V-state into the active region 10 in a device of the type
described in FIGS. 3A and 3B is typically around 2 V. This
is a considerably lower voltage than required to nucleate the
V-state in a conventional pi-cell not provided with a nucle-
ation region.

[0089] The thickness-to-pitch ratio of the active region of
the liquid crystal device shown in FIGS. 3A and 3B can
typically be reduced to around 0.1. The thickness-to-pitch
ratio of the active region of the liquid crystal device shown
in FIGS. 3A and 3B is preferably below 0.25, more pref-
erably below 0.125, and more preferably below 0.1. The
brightness of the active region of the device is therefore
greater than an active region of a device of the type disclosed
in U.S. Pat. No. 4,566,758 in which the d/p ratio must be at
least 0.25 in order to stabilize the 180° twist state in the
active region.
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[0090] Ttis particularly easy to apply the present invention
to a reflective liquid crystal display device, since these
generally have a liquid crystal layer that contains a region of
increased thickness as a result of a need to provide a via hole
to allow a reflective electrode to be connected to, for
example, a switching element. Using the via-hole as the
nucleation region eliminates the need for additional process-
ing steps in the manufacture of the nucleation region.

[0091] In FIG. 3A, the liquid crystal layer adopts two
states (H- and T-states) in the state of a zero applied voltages
The present invention is not limited to this. Even when the
liquid crystal layer adopts one state (¢.g., H-state) in the state
of a zero applied voltage, if the liquid crystal layer adopts
two states (e.g., H- and T-states) at a low applied voltage, the
same effect as described above can be obtained.

[0092] FIG. 4 is a cross-sectional view of a reflective
liquid crystal display device 400 embodying the present
invention. This shows a via-hole region 11 disposed within
an active region 10. The liquid crystal display device 400 of
FIG. 4 is under a predetermined condition, specifically in
the absence of an applied voltage across the liquid crystal
layer or in the presence of a low applied voltage. The
thickness of the liquid crystal layer in the active regionisd,,
and in the via-hole region is dy. The pitch of the liquid
crystal material in the active region 10 is equal to the pitch
of the liquid crystal material in the nucleation region 11. In
this embodiment of the invention, the via-hole region has a
greater thickness-to-pitch ratio and so can be used as a
nucleation region.

[0093] The device shown in FIG. 4 comprises upper and
lower substrates 1, 1'. An upper electrode 6 is disposed on
the upper substrate, and this is covered by an upper align-
ment layer or film 2. The electrode 6 is a transparent
electrode, for example formed of indium tin oxide (ITO).
The upper alignment layer 2 is a conventional alignment
layer, and is for example formed of a layer of polymeric
material that is unidirectionally rubbed so as to define the
alignment direction and pre-tilt angle of liquid crystal mol-
ecules in contact with the upper alignment film 2.

[0094] A reflective electrode layer 7 is disposed on the
lower substrate 1'. A lower alignment layer 2' is disposed
over the lower electrode. An electrode 6', for example the
output electrode of a switching element (not shown) in the
case of an active matrix display device, is disposed on the
lower substrate 1'. In the active regions of the device the
reflective electrode 7 is separated from the electrode 6' by a
layer § of an insulating material. In the via-hole region,
however, the insulating layer 5 is not provided so that the
reflective electrode 7 makes electrical contact with the
electrode 6'. As a consequence of the absence of the insu-
lating layer § in the via-hole region 11, the thickness of the
liquid crystal layer in the via hole region is greater than the
thickness of the liquid crystal layer in the active region 10.

[0095] In the embodiment of FIG. 4 the rubbing direction
of the upper alignment film 2 is parallel to the rubbing
direction of the lower alignment film 2'. The liquid crystal
layer is therefore constrained to adopt states having a twist
angle of 0°, 180°, 360° etc.

[0096] In the embodiment of FIG. 4 the liquid crystal
layer contains a nematic liquid crystal and a chiral dopant.
Although the nematic liquid crystal does not have an intrin-
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sic twist, the presence of the chiral dopant induces a twist in
the liquid crystal material. A suitable liquid crystal material
is, for example, the material ZLI 6000-100, and a suitable
chiral dopant is the dopant CB15 (produced by Merck,
Darmstadt, Germany).

[0097] The amount of chiral dopant in the liquid crystal
layer is chosen such that the thickness-to-pitch ratio in the
active region 10 is less than 0.25. This is not sufficient to bias
the liquid crystal material into the 180° twist state, so the
stable liquid crystal state in the active region is constrained
to be a 0° twist state. Thus, at zero applied voltage the active
region behaves like a conventional OCB device, and the
stable state will be an H-state.

[0098] In the structure of FIG. 4 in the absence of an
applied voltage to the liquid crystal layer, the pitch of the
twist of the liquid crystal material is also selected so that the
thickness-to-pitch ratio in the via-hole region 11 is greater
than or equal to 0.25 but less than 0.75, so that the liquid
crystal material in the via-hole region is biased into a 180°
twist state. The via-hole region thus acts as a nucleation
region.

[0099] As noted above, the brightness of a liquid crystal
layer decreases as the amount of chiral dopant is increased,
so that it is preferable to minimise the amount of chiral
dopant used, subject to the d/p ratio in the nucleation region
being (d/p)yZ0.25 so as to stabilize the 180° twist state in
the nucleation region.

[0100] Disclinations 12 are present at the boundary
between the 180° twist state of the via-hole region and the
H-state of the active region.

[0101] FIG. 5 shows the liquid crystal display device of
FIG. 4 when a greater voltage is applied across the liquid
crystal layer. When a voltage greater than the critical thresh-
old voltage referred to above is applied, the V-state 13 grows
from the via-hole region 11 into the active region 10. The
disclinations 12 propagate away from the boundary between
the via-hole region and the active region, and eventually the
V-state is the stable state throughout the active region 10. To
nucleate the V-state into the active region 10 from the
via-hole region 11 it is in principle sufficient for the applied
voltage to just exceed the threshold voltage. However, the
speed of growth of the nucleated V-state would be very slow
at a voltage that only just exceeds the threshold voltage, and
hence it is preferable to use a voltage significantly greater
than the threshold voltage in order to reduce the time taken
for the V-state to nucleate into the active region 10.

[0102] Once the V-state has nucleated into the active
region, the device can be operated between a low voltage
V-state and a high voltage V-state in the conventional
manner described with reference to FIGS. 2C and 2D.

[0103] The thickness d, of the active region 10, the
thickness dy; of the via-hole region 11, and the pitch p of the
twist of the liquid crystal material can be selected to give any
values that satisfy the requirements:

(dIp) s=d Jp<0.25 (1)
[0104] and

0.25S(djp)y=dy/p=0.75 ©.
[0105] However, as noted above, it is preferable for the d/p

ratio in the active region to be low, in order to minimise the
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amount of chiral dopant and improve the brightness of the
active region. As an example, the liquid crystal layer in the
via-hole region 11 may have a thickness of 6 um, and the
pitch of the liquid crystal molecules may be 24 um, so that
the ratio dy,p=0.25. If the thickness of the liquid crystal
layer in the active region 10 of the pixel is 3 yum, then the d/p
ratio in the active region is 0.125.

[0106] For clarity, the invention has been described above
with reference to a liquid crystal display device that incor-
porates one active region and one nucleation region. The
invention is not limited to this simple case, however, and a
practical display device will generally incorporate a large
number of active regions each of which may be provided
with a nucleation region in accordance with the invention.

[0107] FIG. 6 is a plan view of a liquid crystal display
device according to the present invention. It will be seen that
the device contains a plurality of independently addressable
active regions 10. The active regions can be produced by, for
example, patterning the reflective electrode 7 so as to
provide a plurality of independently addressable electrodes
each defining an independently addressable region, or pixel,
of the liquid crystal display device. The reflective electrode
7 in each active region 10 is provided with a via-hole 11 to
enable electrical connection to a switching element. Thus,
the device of FIG. 6 is a reflective, pixelated active matrix
liquid crystal display device, having short nucleation times.
The device can be used, for example, as a projection
apparatus, or as a helmet—mounted display device.

[0108] A further advantage of the present invention is that,
if the voltage applied across the active region is reduced to
a value such that the H-state becomes the stable state, then
the speed at which a randomly nucleated region of the
H-state grows back across the active region will be slower
than in a conventional pi-cell. This is shown in FIG. 7,
which illustrates the speed of propagation of a boundary of
a growing H-state in a pi-cell having a liquid crystal layer
thickness of 6.2 um at a temperature of 25° C. FIG. 7 relates
to the liquid crystal material ZLI6000-100 and shows the
variation in the speed of the boundary as the d/p ratio of the
liquid crystal material is altered by the addition of the chiral
dopant CB15.

[0109] It will be seen from FIG. 7 that increasing the d/p
ratio decreases the speed of propagation of the boundary of
the H-state. Thus, the speed of propagation of the boundary
of an H-state region in the active region 10 of the device of
FIG. 4 with d/p>0 will be slower than the speed of propa-
gation in a conventional pi-cell having a d/p ratio of zero.

[0110] A further embodiment of the invention is illustrated
in FIGS. 8 and 9 and comprises a liquid crystal display
device having a liquid crystal layer containing a chiral
dopant that induces a twist in the opposite direction to the
twist induced by the rubbing directions of the alignment
films. Such a device is disclosed in co-pending Japanese
Patent Application No. BH 11 371 963, filed on Dec. 27,
1999, the contents of which are hereby incorporated by
reference.

[0111] The device shown in FIG. 8 is of the reflective
single polarizer type and may be used as, for example, a
pixelated liquid crystal display. The device comprises upper
and lower substrates 1, 1'. The upper substrate 1 carries on
its inner surface an electrode 6 and an alignment layer 2, for
example comprising a rubbed polyimide.
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[0112] The lower substrate 1' carries on its inner surface a
reflective electrode 6', although a separate electrode and
reflector may alternatively be provided. An alignment layer
2', for example of the same type as the alignment layer 2 on
the upper substrate 1, is formed on the reflective electrode 6'.
The upper and lower substrates 1, 1' and the associated
layers are spaced apart, for example by spacer balls (not
shown), to define a cell containing a liquid crystal layer 3.
The layer 3 comprises a chiral liquid crystal material. This
may be an inherently chiral liquid crystal material, or it may
consist of a nematic liquid crystal to which has been added
a chiral dopant.

[0113] As shown in FIG. 9, the polarizer 4 has a linear
polarizing direction 15. The upper alignment layer 2 has an
alignment direction 16 which is oriented at a clockwise
angle 6 with respect to the polarizing direction 15 of the
polarizer 4. The lower alignment layer 2' has an alignment
direction 17 which is oriented at a clockwise angle of (6+¢)
so that the liquid crystal layer 3 has a twist of ¢ in a
clockwise or positive direction.

[0114] The chiral dopant added to the nematic liquid
crystal of the layer 3 is such as to have a twisting effect in
the anti-clockwise or negative direction in the device shown
in FIG. 8. Thus, if the liquid crystal material of layer 3 were
not constrained by the alignment layers 2, 2', it would adopt
an anti-clockwise twist because of the chiral dopant. How-
ever, the alignment layers 2, 2' induce a positive or clock-
wise twist ¢ of less than 90° on the liquid crystal material in
the layer 3.

[0115] If too much chiral dopant were added to the liquid
crystal resulting in too small a value of d/p for the liquid
crystal layer 3, then the twist energy of the material of the
liquid crystal 3 would be larger than the twist energy of the
twisted state induced by the alignment layers 2, 2' and the
twist of the liquid crystal layer 3 would change from ¢° to
(¢-m)°, since ¢>0. The amount of chiral dopant which may
be added depends on the twist angle and tends to zero as the
twist angle tends to 90°. The critical d/p ratio (d/p),. is given
by:

ERES

[0116] First and second fixed retarders 20, 21 are disposed
in the optical path between the polarizer 4 and the liquid
crystal layer 3. In FIG. 8, the retarders 20, 21 are disposed
between the substrate 1 and the electrode 6 so as not to affect
the operating voltage of the device. However, it is in
principle possible for either or both of the retarders 20, 21
to be disposed between the electrode 6 and the alignment
layer 2, in which case the operating voltage of the device
would be increased, or between the polarizer 4 and the
substrate 1, in which case the acceptance angle of the display
would be reduced.

[0117] The retarder 20 has an optic axis 22 disposed at an
angle o to the polarizing direction 15 of the polarizer 4,
whereas the retarder 21 has an optic axis 23 at an angle 3 to
the polarizing direction is.

[0118] FIG. 10 shows the reflectance of a display device
of the type shown in FIGS. 8 and 9. The results of FIG. 10
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were obtained with a display in which the first retarder 20
has its slow optic axis at 15° to the polarisation direction 15
of the polarizer 4, and has a retardation A n.d=260 nm. The
second retarder has its slow optic axis at 75° to the polari-
sation direction 15, and has a retardation A n.d=95 nm. The
liquid crystal layer 3 has a twist angle ¢=70°, and the angle
8 between the polarisation direction 15 and the rubbing
direction of the upper alignment layer 2 is 6=40°. The
retardation of the liquid crystal layer is A n.d=200 nm. The
thickness of the liquid crystal layer is 3 um.

[0119] As can be seen from FIG. 10, the voltage required
to obtain a particular reflectance above the reflectance
minimum decreases as the d/p ratio of the liquid crystal layer
is decreased from 0. The minimum reflectance does not vary
significantly with the d/p ratio.

[0120] In the absence of pre-tilt induced in the liquid
crystal layer by the alignment layers 2, 2', the dopant limit
at which the twist of the liquid crystal layer will change from
¢° to (p-m)° is given by expression (3) above. If the
alignment layers induce a non-zero pre-tilt in the liquid
crystal molecules adjacent the alignment layers, the magni-
tude of (d/p).. is increased.

[0121] This embodiment relates to a liquid crystal display
device in which the desired operating state has a twist angle
¢ where 0<¢<90°, with ¢ being defined by the alignment
directions of the alignment layers 2, 2'. As can been seen
from FIG. 10, adding a chiral dopant that induces a twist in
the opposite direction to the twist induced by the alignment
layers (that is, adding a chiral dopant having a pitch p that
is negative) leads to a reduction in the reflectance voltage.
However, it can be seen from FIG. 10 that the greater
reductions in the reflectance voltages are obtained at high
dopant concentrations (thus giving a value for d/p that is
much less than zero since p is negative). As explained above,
a high level of dopant concentration will lead to the stabi-
lisation of an undesired (¢-m)° twist state at zero applied
voltage. Therefore, before operating the device It is neces-
sary to nucleate the ¢° twist state, and this nucleation is
facilitated by providing a nucleation region in which the ¢°
twist state is stable at zero applied voltage. Upon application
of a voltage above a threshold value, the ¢° twist state will
spread out from the nucleation region into the active region
and displace the unwanted (¢-)° twist state from the active
region.

[0122] For ¢=70° the critical value of the thickness to
pitch ratio is (d/p)o=-0.055. If the liquid crystal layer is
reverse doped beyond this limit, the stable twist state in the
presence of no applied voltage has a twist (¢—m)°=-110°. In
order to access the desired operating state having twist ¢ in
a device in which the liquid crystal layer is reverse doped
beyond the critical value, the ¢° twist state must first be
nucleated and propagated into the active region where the
(¢-m)° twist state is stable at zero applied voltage, by
application of a voltage greater than the threshold voltage to
the liquid crystal layer.

[0123] According to a further embodiment of the present
invention, the device illustrated in FIGS. 8 and 9 is pro-
vided with d nucleation region for nucleating the ¢ twist
state. The thickness-to-pitch ratio of the liquid crystal layer
in the nucleation region is different from the thickness-to-
pitch ratio of the liquid crystal layer in the active region. In
this embodiment, however, the thickness-to-pitch ratio of
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the liquid crystal layer in the nucleation region is lower than
the thickness-to-pitch ratio of the liquid crystal layer in the
active region. In a device where the pitch of the liquid crystal
material in the active region is equal to the pitch of the liquid
crystal material in the nucleation material, the required
variation in the thickness-to-pitch ratio between the nucle-
ation region and the active region is obtained by making the
thickness of the liquid crystal layer in the nucleation region
less than the thickness of the liquid crystal layer in the active
region.

[0124] The reduced thickness of the liquid crystal layer in
the nucleation region may be achieved, for example, by
adding small bumps or pillars of a photo-sensitive polymer
to create nucleation regions having a lower thickness than
the active region. The amount of doping would be selected
so that the d/p value was the same as or lower (that is, more
negative) than the critical value (which is negative) in the
active region, but was greater than the critical value in the
nucleation region.

[0125] For the device described above having d,=3 um,
the nucleation region could be provided by adding some
surface relief having a height of 2 um on one of the
alignment films. This would produce a region in the liquid
crystal layer having a thickness of only 1 um. The amount
of doping would be chosen to give a d/p value greater than
the critical value of —0.055 (that is, =0.054 or higher) in the
nucleation region, giving a d/p value equal to three times
that in the areas of the liquid crystal layer having a thickness
of 3 ym. As a result, when no voltage is applied across the
liquid crystal layer the ¢=70° twist state will be stable in the
nucleation region, whereas the (¢—m)°=-110° twist state will
be stable in the active region. When a voltage is applied
across the liquid crystal layer, the ¢=70° twist state in the
nucleation region will propagate into the active region, and
displace the (¢-m)° twist state.

[0126] The present invention guarantees the nucleation of
the ¢=70° twist state on application of a suitable voltage to
the liquid crystal layer, by providing the nucleation region
with a higher value of d/p than (d/p), owing to the smaller
thickness of the nucleation region compared to that of the
active region.

[0127] A further application of the present invention is to
a reflective display device containing a micro-reflective
structure (MRS). An MRS consists of a smoothly varying
surface relief that is coated with a reflective material such as
aluminum. This surface relief may be employed to provide
nucleation regions in the device.

[0128] Asanexample, the super mobile HR TFT reflective
LCD produced by Sharp Corporation contains an MRS that
is provided on the rear substrate of the device adjacent to the
liquid crystal layer. The effect of providing the MRS is to
cause the thickness of the liquid crystal layer to vary
between 2.4 yum and 3.6 um. In order to provide a nucleation
region, the value of the d/p ratio of the liquid crystal material
should be set greater (less negative) than (d/p) at a liquid
crystal layer thickness of 2.4 um. This will give a value of
d/p which is about 1.25 more negative than (d/p).. at the
nominal thickness of the display (3 um). As described above,
when a voltage is applied across the liquid crystal layer the
¢-70° twist state, which is the stable state in the nucleation
region, will then propagate into the active region of the
display device.
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[0129] 1In the embodiments described above the variation
in the thickness-to-pitch ratio between the nucleation region
and the active region is obtained by making the thickness of
the liquid crystal layer in the active region different to the
thickness of the liquid crystal layer in the nucleation region.
In the above-described embodiments, the pitch of the liquid
crystal material in the nucleation region is equal to the pitch
of the liquid crystal material in the active region. The present
invention is not, however, limited to this, and it is possible
for the pitch of the liquid crystal material in the active region
to be different to the pitch of the liquid crystal material in the
nucleation region. In such an embodiment of the invention
the thickness of the liquid crystal layer in the active region
may be the same as the thickness of the liquid crystal layer
in the nucleation region, and the difference in pitch of the
liquid crystal material makes the thickness-to-pitch ratio in
the active region of the liquid crystal layer different to the
thickness-to-pitch ratio of the liquid crystal layer in the
nucleation region.

[0130] FIG. 11C illustrates a device having a liquid crys-
tal layer that has a constant thickness, but in which the pitch
of the liquid crystal layer in one region is different to the
pitch of the liquid crystal material in another region. FIGS.
11A and 11B illustrate a method of manufacturing such a
device.

[0131] Initially, a liquid crystal layer 25 is disposed
between upper and lower substrates 24, 24'. The alignment
direction on the upper substrate 24 is parallel to the align-
ment direction on the lower substrate 24

[0132] The liquid crystal layer contains a liquid crystal
material and a chiral dopant. In FIG. 11A, reference 26
indicates liquid crystal molecules, and reference numeral 27
indicates the chiral dopant. The amount of chiral dopant is
chosen such that the thickness-to-pitch ratio of the liquid
crystal material is greater than 0.25 but less than 0.75, so that
the liquid crystal material has a twist angle of 180°.

[0133] In FIGS.11A to 11C, the chiral material is a chiral
pre-polymer material. The chiral pre-polymer material has
the characteristic that it can be cross-linked to form a
polymer network upon exposure to radiation of a suitable
wavelength, provided that a suitable photo-initiator material
is present.

[0134] In FIG. 11B, a selective irradiation process is
carried out, in which one region of the liquid crystal layer is
irradiated and another region of the liquid crystal layer is
not. This can be done, for example, by irradiating the liquid
crystal layer 25 through a suitable mask 28, so that part of
the liquid crystal layer is shielded by the mask 28 and
receives no radiation.

[0135] The selective irradiation process of FIG. 11B pro-
duces selective polymerization of the chiral pre-polymer
material 27 in a spatially varying manner. Any molecules of
the chiral pre-polymer material that diffuse into a region that
is receiving radiation become polymerised, and remain fixed
within the illuminated region. As a result, the concentration
of the chiral dopant becomes higher in the region that was
illuminated by radiation than in the region that was not
illuminated.

[0136] FIG. 11C shows the device produced by the selec-
tive irradiation process of FIG. 11B, and it can be seen that
region A of the liquid crystal layer, which was irradiated, has
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a much higher concentration of the chiral dopant (which has
now been polymerised) than does region B of the liquid
crystal layer Which was shielded by the mask 28 during the
irradiation step. The increased concentration of chiral
dopant in region A of the liquid crystal layer means that the
pitch of the liquid crystal material will be lower than in
region B, so that the thickness-to-pitch ratio is greater in
region A than in region B. Thus, if the chiral dopant induces
a twist in the same direction as the twist induced by the
alignment films, the region A of increased thickness-to-pitch
ratio could act as nucleation region and the region B could
act as an active region, in the same way as the region of
increased thickness-to-pitch ratio 11 in the device of FIG.
3A acts as a nucleation region.

[0137] One example of a chiral pre-polymer material
suitable for manufacture of an embodiment of the invention
in which the pitch of the liquid crystal material varies is the
photo-polymerisable diacrylate material LC589 manufac-
tured by BASE, which has been measured to have a helical
twisting power of approximately 67 um™. A suitable nem-
atic liquid crystal material for this embodiment would be the
liquid crystal material E7 produced by Merck. An example
of a suitable photo initiated material is IrgaCure 369 from
Ciba Speciality Chemicals Limited.

[0138] In one embodiment, these materials are mixed
together in the ratio 100:0.04:0.0004 (E7:LC589: IrgaCure
369). This would provide a chiral liquid crystal mixture with
a pitch of a few tens of microns. This mixture can be
polymerised by selective irradiation with ultra-violet light.

[0139] In the irradiation step of FIG. 11B, the mask 28
substantially blocks radiation, so that the portion of the
liquid crystal layer shielded by the mask 28 receives essen-
tially no radiation. In principle, however, the mask 28 does
not need to block radiation totally, provided that a shielded
part of the liquid crystal layer receives a sufficiently lower
intensity of radiation than an unshielded part of the liquid
crystal layer.

[0140] In principle, the selective irradiation process could
alternatively be carried out by irradiating the liquid crystal
layer with a beam of radiation having a low cross-sectional
area, and scanning the beam across the area(s) of the liquid
crystal layer that it is desired to irradiate.

[0141] 1In the method described with reference to FIGS.
11A to 11C, the selective irradiation process produces a
spatial variation in the concentration of the chiral dopant
within the liquid crystal layer, and it is this variation in the
concentration of the chiral dopant that produces the variation
in the pitch of the liquid crystal material. In an alternative
method of producing a liquid crystal layer that contains
variation in pitch, a chiral dopant whose helical twisting
power can be selectively altered by irradiation is used. In
this method, the selective irradiation process has the effect
of altering the helical twisting power of the chiral dopant in
the irradiated regions of the liquid crystal layer. Selectively
irradiating a liquid crystal layer that contains such a chiral
dopant will produce a spatial variation in the helical twisting
power of the chiral dopant, and thereby produce a spatial
variation of the thickness-to-pitch ratio of the liquid crystal
layer.

[0142] One example of a chiral dopant whose helical
twisting power can be sclectively altered by irradiation is a
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diarylethane chiral dopant such as described by T. Yamagu-
chi et al in “Photo switching of helical twisting power of a
chiral diarylethane dopant in a chiral nematic liquid crystal”
in abstracts of The 18 international Liquid Crystal Con-
ference, Sendai, Japan, P536 (2000).

[0143] In the embodiments described above, the thick-
ness-to-pitch ratio of the active region is made different from
the thickness-to-pitch ratio of the nucleation region by
making either the thickness of the liquid crystal layer or the
pitch of the liquid crystal material different in the active
region than in the nucleation region. In principle, however,
it would be possible for both the thickness and the pitch to
vary between the nucleation region and the active region.

[0144] In an embodiment in which a variation in pitch is
induced by use of a chiral dopant whose helical twisting
power can be selectively altered by irradiation, the spatial
variations of pitch of the liquid crystal material that are
induced by irradiation could be stabilized by a polymer
network that stabilizes a given directive configuration. The
polymerization of the polymer network may be achieved by
the same irradiation step as is used to induce the variations
in pitch or may require a separate irradiation step.

[0145] To demonstrate pi-cell nucleation from a point of
thickness change in a pi-cell liquid crystal device, a test call
was constructed which included a step change in thickness.
The cell utilised the negative photoresist material (SU-8,
Microlithgraphy Chemical Corporation). A layer of the
photoresist was spun onto a clean glass substrate at a speed
of 1400 rpm for 25 s to produce a substantially uniform 3 yum
thick film. The glass substrate had previously been uni-
formly coated with a thin layer of the transparent conductive
material, indium tin oxide (‘ITO’). The film was baked at
65° C. for 1 min followed by 95° C. for a further minute to
drive off any solvent. The film was then cross-linked in
selected areas by exposure to UV light for 70 s through a
suitable photo-mask. Following a secondary bake at 50° C.
for 1 minute followed by 95° C. for 2 minutes, the film was
dipped into the solvent solution ‘EC’ (Milcrolithgraphy
Chemical Corporation) for 60 seconds then rinsed for a
further 30 s in fresh EC solvent. This solvent removed those
portions of the SU8 film which had been masked from
exposure to UV light thereby re-exposing the glass substrate
in those areas. Finally the 3 um thick step-like regions of
crosslinked photoresist were hardened by curing at 180° C.
for 1 hour.

[0146] In order to investigate the behavior of liquid crystal
in a test cell, the substrate once prepared as above, was
coated with a thin layer of an alignment material (SE7792,
Nissan Chemicals). The alignment material was dissolved in
a solvent and spun at 2000 rpm for 25 s to produce a film
approximately 50 nm thick. A second clean, uniform, ITO
coated, glass plate was also coated with this alignment
material. Both plates (the uniform plate and the plate with
the patterned, step-like regions of SUS) were then baked at
180° C. for 2 hours to cure the alignment layer. Once cool,
both substrates were uni-directionally rubbed with a soft
cloth to define an alignment direction for a liquid crystal.
The substrates were then assembled with alignment direc-
tions parallel (to produce a pi-cell) and separated by 10 gm
using glass spacer beads deposited in a track of glue at the
perimeter of the substrates. Finally the gap between the
substrates was filled with the commercially available liquid

Dec. 20, 2001

crystal E7 (Merck) The gap between the substrates (and
hence the thickness of the LC layer) was 10 um, except
where 3 um high SUS8 photoresist features were present,
when the layer thickness was reduced to 7 um. The liquid
crystal E7 had been chirally doped using the commercially
available dopant material R1011 (Merck) to produce a pitch
in the range 28 um<p<40 um. As a result those regions of the
cell where the liquid crystal layer thickness was 10 um had
a d/p value of 0.357>d/p>0.25, thereby stabilising a region
of 180° twist at 0 V. In comparison, those regions where cell
thickness was 7 um had 0.25>d/p>0.175 and the stable 0 V
state was the splay (or H-) state. In accordance with this
invention, as voltage was applied to the completed pi-cell, it
was experimentally observed that the thicker regions of
stabilized twist acted as regions promoting nucleation at the
boundary of the thinner regions of splay state.

[0147] ATPT liquid crystal panel according to the present
invention will be described in detail below. In this case,
preferably, a nucleation region is quickly transitioned to a
V-state (bend state) so that a H-state of a display region is
promoted to be transitioned from the H-state to the V-state
(bend transition). To this end, the nucleation region is
provided so as to basically surround a pixel.

[0148] The TFT liquid crystal panel includes a TFT sub-
strate (i ¢. , a lower substrate) and a counter substrate (i.c.,
an upper substrate), and a liquid crystal layer disposed
between a pair of the substrates. A color filter (pixel aper-
ture) and a non-pixel region are provided on the counter
substrate. FIG. 12 is a top view illustrating an enlarged pixel
portion of the TFT liquid crystal panel. A TFT 117, a gate
electrode 113 for controlling the TFT 117, a source electrode
114 for transmitting a signal to a pixel, a pixel electrode (not
shown), and a drain electrode 115 for transmitting a charge
to the pixel electrode are provided on the TFT substrate.

[0149] The aperture of a pixel is provided in a pixel
aperture 111. A color filter (not shown) is provided in the
pixel aperture 111. One pixel may correspond to one pixel
aperture 111. Alternatively, one pixel may correspond to a
plurality of pixel apertures 111. Conversely, a plurality of
pixels may correspond to one pixel aperture 111. A non-pixel
region 112 is provided around the pixel aperture 111. A
typical non-pixel region 112 is made of a black light-
blocking film.

[0150] FIG. 12 only shows a contour of a light blocking
region 112 on the counter substrate, so that electrodes and
the TFT 117 provided on the TFT substrate are viewed
through the contour.

[0151] When a voltage is applied to the gate electrode 113,
a charge applied to the source electrode 114 flows from the
TFT 117 to the drain electrode 115 and then to the pixel
electrode (not shown). A transparent electrode is provided
via the liquid crystal layer on the counter substrate. The
liquid crystal layer between the pixel electrode on the TFT
substrate and the transparent electrode on the counter sub-
strate is operated by an electric field caused by the charge.

[0152] The TFT liquid crystal panel is, for example, driven
in the following way: a signal is output to the source
electrode 114 and thereafter the gate electrode 113 is suc-
cessively turned ON to write the signal to each pixel: or a
signal is first transmitted to the gate electrode 113, which is
thereby turned ON, and thereafter the signal is written via
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the source electrode 114 to each pixel. Using the gate
electrodes 113, a plurality of TFTs 117 are successively
turned ON 1n one field period. A time for which a voltage is
actually applied to one gate electrode 113 is approximately
equal to a time taken for scanning one field divided by the
number of vertical scanning lines. For one source electrode
114, a voltage in applied for one horizontal scanning time.
Therefore, the source electrode 114 has a longer time for
which a voltage is applied thereto. An applied voltage to the
source electrode 114 corresponds to a signal voltage. For
example, in the case of the bend state, a voltage of 2.5 V to
6 V is applied to the source electrode 114 in the vicinity of
each pixel for one field scanning time (display time).

[0153] In either case, for each pixel, a charging time taken
for operating the liquid crystal layer is approximately equal
to a time taken for scanning a field divided by the number
of pixels in a panel (pixel display time). Therefore, a time
taken for writing a signal to a pixel is considerably short
compared to the one-pixel display time. It is necessary to
retain a voltage applied to the liquid crystal for an amount
of time during which the liquid crystal layer is operated even
after the TFT is turned OFF. To this end, a storage capacitor
116 is provided on the TFT substrate so as to maintain a
voltage applied to a pixel even after the TFT 117 is turned
OFF.

[0154] As is different from the source electrode 114 and
the gate electrode 113, the storage capacitor 116 is provided
so as to retain an applied voltage until a next signal is written
to the pixel. A voltage is applied to the storage capacitor 116
when a voltage is applied to the pixel. The liquid, crystal
layer is operated for an amount of time during which a
voltage is applied to the pixel electrode. In this period of
time, a voltage is preferably applied to both a display region
(active region) and a non-display region (nucleation region).
Therefore, provision of the nucleation region of the present
invention in the vicinity of the storage capacitor 116 is useful
for obtaining the bend state.

[0155] Since a voltage is intermittently applied to the
source electrode 114 and the gate electrode 113, it is
preferable to provide nucleation regions in the vicinity of the
source electrode 114 and the gate electrode 113. It is more
preferable to provide a nucleation region in the vicinity of
the storage capacitor 116 in addition to the source electrode
114 and the gate electrode 113.

[0156] FIGS. 13A to 13C are top views schematically
illustrating a nucleation region in the TFT liquid crystal
panel. The nucleation region shown in FIGS. 13A to 13C
will be described in comparison to that of FIG. 12.

[0157] FIG. 13A shows positional relationship among a
pixel aperture 111, a light blocking portion 120 (black
matrix) which is a non-display region, and a nucleation
region 121 only provided in a region where the storage
capacitor 116 is provided. As described above, the storage
capacitor 116 effectively functions as the nucleation region
121. When sufficient regions are not provided and an entire
pixel cannot be transitioned to the V-state, a nucleation
region may therefore be provided in a region corresponding
to the source electrode 114 or the gate electrode 113.

[0158] FIG. 13B shows a nucleation region 122 corre-
sponding to a region where the source electrode 114 is
provided, and a nucleation region 121 corresponding to a
region where the storage capacitor 116 is provided.
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[0159] FIG. 13C shows a nucleation region 123 corre-
sponding to a region where the gate electrode 113 is pro-
vided, and a nucleation region 121 corresponding to a region
where the storage capacitor 116 is provided.

[0160] As described above, a nucleation region can be
provided in the vicinity of the gate electrode 113, the source
electrode 114, or the storage capacitor 116, or any combi-
nation thereof.

[0161] FIG. 14 is a top view of a high aperture ratio TFT
liquid crystal panel 1400 according to the present invention.
The structure of the high aperture ratio TFT liquid crystal
panel 1400 of FIG. 14 is similar to that described in
Japanese Laid-open Publication No. 9-152625.

[0162] A pixel electrode 132 corresponding to a display
portion of a pixel is surrounded by a source electrode 133
and a gate electrode 135. FIG. 14 shows only one pixel,
although the high aperture ratio TFT liquid crystal panel
1400 includes a plurality of pixels. The pixel electrode 132
is a transparent electrode (e.g., made of indium tin oxide
(ITO)). A TFT 131 is provided at the intersection between
the source electrode 133 and the gate electrode 135. A
storage capacitor 134 is provided across two source elec-
trodes 133 between which the pixel electrode 132 is pro-
vided. The storage capacitor 134 supplements the capaci-
tance of the pixel electrode 132. A transparent electrode 136
extends from the drain electrode 137 of the TFT 131 to the
storage capacitor 134 on which the transparent electrode 136
contacts the pixel electrode 132.

[0163] FIG. 15 is a cross-sectional view of the high
aperture ratio TFT liquid crystal panel 1400, taken along line
A-A'" in FIG. 14. A liquid crystal layer 147 is provided
between a TFT substrate 148 and a counter substrate 149. A
resin planarization layer 141 is provided so as to cover a
source clectrode 133 (FIG. 14) agate electrode 135, and a
TFT 131 (FIG. 14). A pixel electrode 132 is provided on the
resin planarization layer 141. A transparent electrode 136
connected to a drain electrode 137 (FIG. 14) produces an
auxiliary capacitance via the storage capacitor 134 and an

interlayer insulating film 145, and is connected at a contact
hole 144 to the pixel electrode 132.

[0164] Insuch astructure, the resin planarization layer 141
is provided on the TFT 131 (FIG. 14), so that adjacent
regions can be as close to each other as possible without
taking into account the source electrode 133 and the gate
electrode 135. Therefore, a high aperture ratio can be
achieved.

[0165] In the thus-constructed high aperture ratio TET
liquid crystal panel 1400, a gap between a pixel electrode
132 and an adjacent pixel electrode 132 is as small as several
microns or less. Therefore, a nucleation region cannot be
provided between each pixel.

[0166] However, in this structure, the resin planarization
layer 141 is removed from a region where the storage
capacitor 134 contacts the pixel electrode 132, and the
contact bole 144 is provided in that region. As shown in
FIG. 15, the thickness of the liquid crystal layer 147 in the
contact hole 144 is set in advance to a value which satisfies
the d/p condition for a nucleation region. The storage
capacitor 134 is a non-transmissive electrode made of a
multilayer of Ta and Ti, or a multilayer of Ta, Ti, and Al, or
the like. Therefore, the storage capacitor 134 blocks Light
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from going through the nucleation region provided in the
contact hole 144. Thus, the nucleation region does not affect
display. When a voltage is applied to the pixel electrode 132,
a voltage is also applied to the storage capacitor 134. In this
case, while the nucleation region is transitioned to the
V-state, a region corresponding to the pixel electrode is
transitioned from the H-state to the V-state.

[0167] A width of the storage capacitor 134 is typically
designed to be several % to 20% of a longitudinal direction
of a pixel (i., a direction parallel to the source electrode
133). In this case, a sufficient nucleation region is secured.
As described above, even when a nucleation region is not
provided between each pixel, a region at the storage capaci-
tor 134 can be used as an effective nucleation region.

[0168] FIGS. 16A and 16B show an exemplary liquid
crystal display device including a 180° twist region and a
splay region in order to promote transition to the V-state.
FIG. 16A shows that in the absence of an applied voltage,
the liquid crystal molecules in an active region 210 are in the
H-state and the liquid crystal molecules i a nucleation region
220 are in the 180° twist state. FIG. 16B shows a cross
section of the active region 210.

[0169] In the liquid crystal display device of FIGS. 16A
and 16B, a liquid crystal layer 205 is provided between an
upper substrate 201z and a lower substrate 201b. A trans-
parent electrode 2024 is provided on the upper substrate
201a, and an alignment layer 203a is provided on the
transparent electrode 2024. In the active region 210, a step
material 204 is provided on the lower substrate 2015 so that
there is a difference d, in level between the active region 210
and the nucleation region 220. A transparent electrode 202b
is provided so as to cover the step material 204 over the
active region 210 and the nucleation region 220. An align-
ment film 203b is provided on the transparent electrode
202b. In this case, a thickness of a liquid crystal layer 205
is d,, and a width of the nucleation region 202 is W.

[0170] As shown in FIG. 168, the alignment film 2034 on
the upper substrate 201 and the alignment film 203b on the
lower substrate 2015 are subjected to an alignment treatment
so that the alignment films 2034 and 2035 have tilt angles 0
and 6,, respectively. The alignment treatment may be con-
ducted by rubbing, irradiation of ultraviolet light, oblique
deposition such as SiO, or the like. In this case, as an
example, rubbing is conducted in a direction indicated by
arrows in FIG. 16B. Maintaining the tilt angles 8, and 6,
with respect to the respective alignment films 203a and 2035
is important, and a direction of alignment can be arbitrarily
selected. A tilt angle of the liquid crystal layer 205 an the
active region 210 may be substantially equal to a tilt angle
of the liquid crystal layer 205 in the nucleation region 220,
each tilt angle being determined depending on the upper
substrate 201a (or the alignment film 2034) and the liquid
crystal layer 205. Similarly, a tilt angle of the liquid crystal
layer 205 in the active region 210 may be substantially equal
to a tilt angle of the liquid crystal layer 205 in the nucleation
region 220, each tilt angle being determined depending on
the lower substrate 2015 (or the alignment film 203b) and
the liquid crystal layer 205. When at least one of the above
two cases is satisfied, the entire upper and/or lower sub-
strates 201a, 201b may be subjected to the same alignment
treatment, thereby reducing the cost of manufacturing.

[0171] When a voltage is applied to the liquid crystal
display device, the active region 210 is transitioned from a
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splay state (H-state) to a bend state (V-state), starting from
a region thereof which is adjacent to the nucleation region
220 in the 180° twist state. The active region 210 used as a
display region needs to be transitioned to the bend state in
the presence of an applied voltage. Therefore, a high speed
of the transition is preferred.

[0172] As shown in FIG. 16B, the doped chiral concen-
tration of the liquid crystal material, a thickness d, of the
liquid crystal layer 205, and the level difference d, play key
roles in the coexistence of the 180° twist state and the
H-state in an initial alignment. As described above, (d,+d,)/
p>0.25 in the 180° twist state region and d,/p<0.25 in the
splay state region need to be satisfied where p is a native
pitch of a liquid crystal material after chiral doping. The
inventors studied the coexistence of the 180° twist state and
the H-state where CN (Cholesteryl Nonahoate) as a chiral
material and a fluorine-based liquid crystal ZLI-4792 are
used.

[0173] FIG. 17 is a graph showing a change in a coexist-
ence region with respect to the level difference d; and the
relationship (d;+d,)/p. In this case, the tilt angle of the
alignment film is about 4°. (d;+d,)/p can be modified by
adjusting the chiral concentration. As shown in FIG. 17, a
certain level difference d, is required for stable coexistence
of the H-state and the 180° twist state. It is preferable to
minimize the level difference d, for the purpose of facilita-
tion of manufacture. When the chiral concentration is high,
if the liquid crystal display device has a normally white
mode, the transmission in the white state is low. To obtain
satisfactory voltage-transmission characteristics, a low
chiral concentration is preferable. Taking the foregoing into
account, (d;+d,)/p is preferably 0.25 or more and 0.75 or
less, and the level difference d, is preferably 0.4 um or more.
More preferably, (d;+d,)/p is about 0.28, and the level
difference d, is about 1.6 ym.

[0174] When the tilt angles 6, and 0, are large, as shown
in FIG. 22, even if (d,+d,)/p<0.25 is satisfied, there is a
range where the 180° twist state and the H-state can coexist.
In this case, however, stable tilt angles are selected.

[0175] Further, the coexistence of the 180° twist state and
the H-state is dependent on the magnitude of the width W
shown in FIG. 16A. Specifically, when the width W of a
region in the 180° twist state is small, even if (d;+d,)/p is
0.25 or more and 0.75 or lees, and the level difference d; is
0.4 ym or more, the 180° twist state and the H-state might
not coexist. FIG. 18 shows the presence or absence of
coexistence depending on the value of the width W where
(d,+d,)/p=0.28 and d,=1.6 um. As a result, the coexistence
requires a Width W of 10 um or more, more preferably about
20 ym or more.

[0176] When the present invention is applied to a trans-
missive liquid crystal display device, the region in the 180°
twist state (i.c., the nucleation region) is blocked so as not
to pass light, which promotes the transition to the V-state.
The nucleation region is thus not used as a display region.
The liquid crystal layer has different thicknesses between the
active region and the nucleation region, which have there-
fore different levels of retardation. Thus, the region in the
180° twist state (i.¢., the nucleation region) is rendered to be
a non-display region. However, both regions in the bend
state and the 180° twist state can be used as display regions.
The proportion of the 180° twist state region in the display
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region is arbitrarily determined. An exemplary transmissive
and reflective type liquid crystal display panel according to
the present invention will now be described.

[0177] In a proposed transmissive and reflective type
liquid crystal display panel, a reflective display region and
a transmissive display region are provided in one pixel. Such
apanel is shown in FIG. 19. In the panel of FIG. 19, a liquid
crystal layer 205 includes regions having different thick-
nesses in one pixel. The different thicknesses are caused by
a step (e.g., a via hole). A reflective electrode 206 in
provided on a region having a smaller thickness, where this
region is a reflective region. A region having a greater
thickness is a transmissive region. With this structure, when
the environment is dark, backlighting is used to allow the
device to function as a transmissive liquid crystal display
device. Conversely, when the environment is bright, the
device can display without backlighting and functions as a
reflective liquid crystal display device.

[0178] FIG. 20 is a top view of the device of this example
where the greater thickness d, of the liquid crystal layer is
6 um and the level difference d; is 3 um. In one experiment,
cach pixel had a length H,=300 um and a width W =100 um,
and the 180° twist state (T-state) region had a length H;=150
um and the H-state region had a length Hg=150 pym. In this
case, the device had satisfactory display characteristics.
Note that the size of a pixel and the size of a level difference
are arbitrarily selected if the above-described conditions are
satisfied.

[0179] Next, a transmissive liquid crystal display device,
in which both the 180° twist state region and the H-state
region are used as display regions, will be described. In this
case, the retardation of the liquid crystal layer is modified by
adjusting the thickness of the liquid crystal layer as
described above. In a birefringence mode where a bend state
is used for display, when a black state is displayed in the
presence of an applied voltage, an optical compensation
plate is used in which a maximum voltage is applied to
display a black state. In other words, black display is
performed using a retarder which has a retardation that
offsets the retardation of the liquid crystal in the presence of
a maximum applied voltage.

[0180] However, in such a mode, when both an applied
voltage is more than an optimal voltage for the black display
and an applied voltage is less than the optimal voltage,
contrast is lowered. In general, a voltage range in which a
desired contrast or more is obtained is called a margin (dark
voltage allowable width) for black display. Typically, such a
birefringence mode has a narrow margin.

[0181] In this situation, if the 180° twist state region and
the H-state region coexists, the margin can be made greater.
FIG. 20 is the top view schematically illustrating the 180°
twist state region and the H-state region in a pixel. In FIG.
20, Hg/H,, is the proportion of the 180° twist state region to
the pixel. FIG. 21 is a graph showing a dark voltage margin
which satisfies a contrast of 200:1 or more and the propor-
tion Hg/H,, of the 180° twist state region to the pixel.

[0182] The dark voltage margin is dependent on the level
difference d;. The dark voltage margin can be enlarged by
about 0.1 V when d;=1.0 #um and Hg/H; is 50% or when
dy=0.5 um and Hg/H,, is 20% or more.

[0183] Therefore, the dark voltage margin can be
increased while the 180° twist state region and the H-state
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region coexist. Thus, even it the 180° twist state region is
provided in a display region, a change in contrast due to
variations in applied voltage can be suppressed. Further, the
step can be provided so as not to change the dark voltage
margin only in the H-state so that a T-state region is
produced. Therefore, both regions can be used as display
regions.

[0184] The liquid crystal display device of the present
invention includes a liquid crystal layer of a chiral liquid
crystal material disposed between first and second sub-
strates. The active region of the liquid crystal layer has a
thickness-to-pitch ratio (d/p),. The liquid crystal layer also
includes a nucleation region having a thickness-to-pitch
ratio (d/p)y rather than (d/p),. Due to the difference in a
thickness-to-pitch ratio between the active region and the
nucleation region, a stable state of the liquid crystal in the
active region in the presence of a zero or low applied voltage
is different from a stable state of the nucleation region.

[0185] In one embodiment of the present invention, the
thickness-to-pitch ratio is greater in the nucleation region
than in the active region. This embodiment is achieved by a
reflective liquid crystal display device in which a via hole is
provided as a nucleation region.

[0186] The liquid crystal display device of the present
invention can be operated without a high level of applied
voltage.

[0187] Various other modifications will be apparent to and
can be readily made by those skilled in the art without
departing from the scope and spirit of this invention.
Accordingly, it is not intended that the scope of the claims
appended hereto be limited to the description as set forth
herein, but rather that the claims be broadly construed.

What is claimed is:

1. A liquid erystal display device comprising: a layer of a
chiral liquid crystal material disposed between first and
second substrates: and means for applying a voltage across
the liquid crystal layer;

wherein a first region of the liquid crystal layer is an
active region for display and a second region of the
liquid crystal layer is a nucleation region for generating
a desired liquid crystal state in the first region when a
voltage is applied across the liquid crystal layer,
wherein the ratio of the thickness d of the liquid crystal
layer to the pitch p of the liquid crystal material has a
first value (d/p), in the first region of the liquid crystal
layer and has a second value (d/p)y different from the
first value in the second region of the liquid crystal
layer, and wherein the value (d/p)y of the ratio of the
thickness d of the liquid crystal layer to the pitch p of
the liquid crystal material in the second region of the
liquid crystal layer is selected such that, when no
voltage is applied across the liquid crystal layer, the
liquid crystal state stable in the second region of the
liquid crystal layer is topologically equivalent to the
desired liquid erystal state.

2. A liquid crystal display device as claimed in claim 1,
wherein the values of the ratio of the thickness d of the liquid
crystal layer to the pitch p of the liquid crystal material in the
first and second regions of the liquid crystal layer are
selected such that, when no voltage is applied across the
liquid crystal layer, a first liquid crystal state having a first
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twist angle is stable in the first region of the liquid crystal
layer, and a second liquid crystal state having a second twist
angle different from the first twist angle is stable in the
second region of the liquid crystal layer.

3. A liquid crystal display device as claimed in claim 2,
wherein the first twist angle is different by 180° from the
second twist angle.

4. A liquid crystal display device as claimed in claim 1,
wherein the value (d/p)y of the ratio of the thickness d of the
liquid crystal layer to the pitch p of the liquid crystal
material in the second liquid crystal region is greater than the
value (d/p), of the ratio of the thickness d of the liquid
crystal layer to the pitch p of the liquid crystal material in the
first liquid crystal region.

5. A device as claimed in claim 3, wherein the value
(d/p), of the ratio of the thickness d of the liquid crystal layer
to the pitch p of the liquid crystal material in the second
liquid crystal region is greater than the value (d/p), of the
ratio of the thickness d of the liquid crystal layer to the pitch
p of the liquid crystal material in the first liquid crystal
region, and wherein the first liquid crystal state is a 0° twist
state and the second liquid crystal state is a 180° twist state.

6. A device as claimed in claim 5, wherein the 0° twist
state is an H-state.

7. A liquid crystal display device as claimed in claim 4,
wherein an alignment direction on the first substrate is
parallel to an alignment direction on the second substrate,
and the values of the ratio of the thickness d of the liquid
crystal layer to the pitch p of the liquid crystal material in the
first and second regions of the liquid crystal layer are
selected such that (d/p),<0.25 and 0.25=(d/p)=0.75.

8. A liquid crystal display device as claimed in claim 7,
wherein the ratio of the thickness d of the liquid crystal layer
to the pitch p of the liquid crystal material in the first region
of the liquid crystal layer satisfies (d/p) ,<0.125.

9. A liquid crystal display device as claimed in claim 8,
wherein the ratio of the thickness d of the liquid crystal layer
to the pitch p of the liquid crystal material in the first region
of the liquid crystal layer satisfies (d/p),<0.1.

10. A device as claimed in claim 1, wherein the device is
a surface mode liquid crystal display device.

11. A device as claimed in c¢laim 10, wherein the device
is a pi-cell.

12. A device as claimed in claim 11, wherein the desired
liquid crystal state in the active region is a V-state.

13. A device as claimed in claim 1, wherein the device is
a reflective liquid crystal display device.

14. A device as claimed in claim 13, wherein the second
liquid crystal layer region is disposed at a via-hole.

15. A device as claimed in claim 1, wherein the device is
a transmissive and reflective liquid crystal display device.

16. A device as claimed in claim 15, wherein the second
region is provided in a transmissive region in the transmis-
sive and reflective liquid crystal display device.

17. A device as claimed in claim 15, wherein the nucle-
ation region and the active region are provided in a display
region in the transmissive and reflective liquid crystal dis-
play device.

18. A device as claimed in claim 1, wherein the twist of
the liquid crystal layer in the second region of the liquid
crystal layer is non-zero and is opposite to the natural twist
of the liquid crystal molecules, and the value (d/p)y of the
ratio of the thickness d of the liquid crystal layer to the pitch
p of the liquid crystal material in the second region of the
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liquid crystal layer is smaller than the value (d/p), of the
ratio of the thickness d of the liquid crystal layer to the pitch
p of the liquid crystal molecules in the first region of the
liquid crystal layer.

19. Adevice as claimed in claim 18, wherein an alignment
direction on the first substrate is at an angle ¢ to an
alignment direction on the second substrate, and the values
of the ratio of the thickness d of the liquid crystal layer to the
pitch p of the liquid crystal molecules in the first and second
regions of the liquid crystal layer are selected such that:

(5 =m-5= (5),> %3
I I A — ~ __
p) =TTy ), "

20. A device as claimed in claim 1, wherein the pitch p,
of the liquid cry stall material in the first liquid crystal layer
region is not equal to the pitch py of the liquid crystal
material in the second region of the liquid crystal layer.

21. A device as claimed in claim 1, wherein the thickness
d, of the liquid crystal layer in the first region of the liquid
crystal layer is not equal to the thickness dy of the liquid
crystal layer in the second region of the liquid crystal layer.

22. Aliquid crystal display device as claimed in claim 1,
wherein the voltage applying means is arranged to apply the
voltage across the first and second regions.

23. Aliquid crystal display device as claimed in claim 22,
wherein the first region surrounds the second region.

24. A liquid crystal display device as claimed in claim 1,
wherein the voltage applying means is arranged not to apply
the voltage across the second region.

25. Aliquid crystal display device as claimed in claim 24,
wherein the second region is disposed in an inter-pixel gap.

26. A liquid crystal display device as claimed in claim 1,
wherein a voltage is applied to the nucleation region for
substantially the same amount of time as an amount of time
during which a voltage is applied to a display region of the
liquid crystal display device.

27. Aliquid crystal display device as claimed in claim 1,
further comprising an auxiliary capacitance electrode,
wherein the nucleation region is provided in the vicinity of
the auxiliary capacitance electrode.

28. A liquid crystal display device comprising: a liquid
crystal layer disposed between first and second substrates;
and means for applying a voltage across the liquid crystal
layer,

wherein the liquid crystal layer includes a first region
having a first thickness, and a second region adjacent to
the first region having a second thickness,

a first state of the liquid crystal layer in the first region and
a second state of the liquid crystal layer in the second
region coexist under a predetermined condition, and

the first state is topographically different from the second

state.

29. Aliquid crystal display device as claimed in claim 28,
wherein the predetermined condition is the absence of an
applied voltage across the liquid crystal layer.

30. Aliquid crystal display device as claimed in claim 28,
wherein the first state is the H-state and the second state is
a T-state.
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31. Aliquid crystal display device as claimed in claim 28, 32. Aliquid crystal display device as claimed in claim 28,
wherein a tilt angle of the liquid crystal layer is defined by wherein the first state and the second state are the V-states
the liquid crystal layer and the first substrate, and wherein a in the presence of an applied voltage across the liquid crystal
tilt angle of the liquid crystal layer in the first region is layer.
substantially equal to a tilt angle of the liquid crystal layer
in the second region. I
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