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(57) ABSTRACT

The present invention provides a polarization switching lig-
uid crystal element 1 having TN liquid crystal 7 retained
between two transparent substrates 2a and 26 for transmitting
at least visible polarized light with the polarized light trans-
mission axis selectively rotated by 90 degrees when a voltage
is selectively applied to the TN liquid crystal 7, wherein a
phase difference u of said TN liquid crystal 7 is defined by the
following equation: u=2xAnxd/}, where An is the refractive
index anisotropy of said TN liquid crystal 7, d is the thickness
of said TN liquid crystal 7, and A is the wavelength of said
polarized light, and a transmittance T of said polarization
switching liquid crystal element measured with polarization
plates on the incident and outgoing sides is defined by the
following equation: T=(V4)xsin’{m(1+u®)""%/2}/(1+u), and
wherein the phase difference u includes a value 1.7 and the
transmittance T is 0.1 or lower when the A ranges from 400
nm to 700 nm. Then, a polarization switching liquid crystal
element having a high response speed and reduced wave-
length-dependency can be realized using inexpensive and
highly durable TN liquid crystal without increasing parts
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POLARIZATION SWITCHING LIQUID
CRYSTAL ELEMENT AND IMAGE DISPLAY
APPARATUS HAVING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a Continuing Application
based on International Application PCT/JP2006/316426 filed
on Aug. 22, 2006, which, in turn, claims the priority from
Japanese Patent Application No. 2005-316864 filed on Oct.
31, 2005, the entire disclosure of these earlier applications
being herein incorporated by reference.

TECHNICAL FIELD

[0002] The present invention relates to a polarization
switching liquid crystal element and an image display appa-
ratus, such as a projector, having the same.

BACKGROUND OF THE INVENTION

[0003] Many liquid crystal elements are used in display
applications. Many liquid crystal elements in display appli-
cations realize a gradation display, not a two-grade, black and
white display. In addition, various techniques have been
developed in pursuing improved viewing angles required for
viewing from different angles.

[0004] On the other hand, liquid crystal elements in appli-
cations other than display include a liquid crystal switching
element that transmits the incident light with the polarization
plane selectively rotated. In terms of display, such liquid
crystal switching elements are elements switching two states,
black display and white display. In many cases, they have two
different action; they transmit a linearly polarized light with
or without the polarized light transmission axis rotated by 90
degrees. In the present specification, liquid crystal elements
switching these two states are referred to as polarization
switching liquid crystal elements.

[0005] Liquid crystal materials and structures different
from those in display applications are being studied for the
polarization switching liquid crystal element used for switch-
ing. For example, one of the requirements for switching ele-
ments is the switching speed. Some known elements use
ferroelectric liquid crystal for higher switching response
speeds. However, ferroelectric liquid crystal is unstable in
terms of durability and expensive and therefore not practical.
[0006] TN (twist nematic) liquid crystal is known for its
stable durability and inexpensiveness. However, TN liquid
crystal generally has a lower response speed compared with
ferroelectric liquid crystal. Therefore, the thickness of liquid
crystal (cell gap) must be small in order to realize a high
response speed using TN liquid crystal. However, when the
cell gap is simply reduced, the rotation of the polarization
becomes wavelength-dependent.

[0007] A known means for eliminating the wavelength-
dependency consists of, for example, a combination of phase
plates (for example, see Patent Document 1, Japanese Patent
Application Laid-Open No. H7-64048). In such a case, the
addition of phase plates increases parts cost.

[0008] Some image display apparatuses having a spatial
light modulation element such as a transmissive LCD utilize
the wobbling technique in which a pixel shifting element is
used to improve the resolution of the spatial light modulation
element. In the wobbling technique, a pixel shifting element
consisting of a polarization switching liquid crystal element
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for selectively rotating the polarization by 90 degrees and a
birefringent plate for selectively shifting the light beam
according to the polarization direction is used to synchronize
the pixel shifting due to the light beam shifting with the image
on the spatial light modulation element corresponding to the
shifted light beam position for higher resolution.

[0009] Tt is advantageous that the polarization switching
liquid crystal element used in the above pixel shifting element
is capable of high speed response. Therefore, ferroelectric
liquid crystal is used in some known cases (for example, see
Patent Document 1). However, ferroelectric liquid crystal is
unstable in terms of durability and expensive as described
above and is therefore not practical.

[0010] In some known cases, durable and inexpensive TN
crystal is used and the drive timing is optimized in consider-
ation of the response speed (for example, see Patent Docu-
ment 2, Japanese Patent Application Laid-Open No. H11-
296135). However, this technique has limitations in applying
to field-sequential image display apparatuses in which R, G,
and B colors are sequentially displayed. There is also a
demand for TN liquid crystal having a high response speed.
[0011] Field-sequential image display apparatuses (for
example projectors) have been realized as color field-sequen-
tial image display apparatuses as the spatial light modulation
element has higher response speeds. In the color field-se-
quential image display apparatus, one spatial light modula-
tion element is illuminated with R, G, or B color light in
sequence to modulate them according to information of each
color for color display. In this way, a simplified and inexpen-
sive structure can be realized compared to three-plate image
display apparatuses in which three spatial light modulation
elements are used for R, G, and B colors.

[0012] The color field-sequential image display apparatus
has color breaking as a result of sequential color illumination.
Therefore, higher display frequencies are required for the
respective colors. When the pixel shifting is performed by
wobbling in the color field-sequential image display appara-
tus, the polarization switching liquid crystal element consist-
ing of TN liquid crystal has to be capable of high speed
operation corresponding to the spatial light modulation ele-
ment.

[0013] The high speed response capability of the polariza-
tion switching liquid crystal element can be improved to some
extent by optimizing the drive timing of the TN liquid crystal.
In order to improve the wobbling performance, TN liquid
crystal having a higher response speed is desired.

[0014] Forexample, when the cell gap is reduced in order to
increase the response speed of TN liquid crystal, false colors
appear because of the wavelength-dependent light rotation
property, deteriorating the displayed image quality. In order
to prevent false colors due to the wavelength-dependency,
phase plates can be provided as disclosed in the above patent
Document 1. However, parts cost may be increased as
described above.

SUMMARY OF THE INVENTION

[0015] The first purpose of the present invention in view of
the above circumstances is to provide a polarization switch-
ing liquid crystal element having a high response speed and
reduced wavelength-dependency using inexpensive and
highly durable TN liquid crystal without increasing parts
cost.

[0016] The second purpose of the present invention is to
provide an image display apparatus in which the above polar-
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ization switching liquid crystal element is used for pixel-
shifting so as to prevent false colors and provide high-quality
and resolution images.

[0017] The first aspect of the invention, which achieves the
first object described above is a polarization switching liquid
crystal element having TN liquid crystal retained between
two transparent substrates for transmitting at least visible
polarized light with the polarized light transmission axis
selectively rotated by 90 degrees when a voltage is selectively
applied to the TN liquid crystal,

[0018] wherein a phase difference u of said TN liquid crys-
tal is defined by the following equation:

u=2xAnxd/h

where An is the refractive index anisotropy of said TN liquid
crystal, d is the thickness of'said TN liquid crystal, and A is the
wavelength of said polarized light and

[0019] atransmittance T of said polarization switching lig-
uid crystal element measured with polarization plates on the
incident and outgoing sides is defined by the following equa-
tion:

T=(Y)xsin?{m(1+4%)%/2}/(144¢7), and

[0020] wherein the phase difference u includes a value 1.7
and the transmittance T is 0.1 or lower when the A ranges from
400 nm to 700 nm.

[0021] The second aspect of the invention resides in the
polarization switching liquid crystal element according to the
first aspect, wherein the thickness d of the TN liquid crystal is
4 um or smaller.

[0022] Thethird aspect ofthe invention, which achieves the
second object described above, is an image display apparatus
having a polarization switching liquid crystal element, com-
prising:
[0023]
[0024] polarization conversion means for converting the
visible light from the visible light source to a specific polar-
ized light;

[0025] spatial light modulation means for modulating the
polarized light from the polarization conversion means relat-
ing to image information;

[0026] pixel shifting means for shifting pixels having the
polarization switching liquid crystal element and a birefrin-
gent element, pixel-shifting of the modulated light from the
spatial light modulation means being performed by selec-
tively applying a voltage to the polarization switching liquid
crystal element; and

[0027] display optical means for displaying the modulated
light having passed through the pixel shifting means, wherein

[0028] the polarization switching liquid crystal element has
TN liquid crystal retained between two transparent substrates
for transmitting at least visible polarized light with the polar-
ized light transmission axis selectively rotated by 90 degrees
when a voltage is selectively applied to the TN liquid crystal,
and wherein:

[0029] a phase difference u of said TN liquid crystal is
defined by the following equation:

a visible light source emitting at least visible light;

w=2xAnxd/h

where An is the refractive index anisotropy of said TN liquid
crystal, d is the thickness of said TN liquid crystal, and A is the
wavelength of said polarized light, and
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[0030] atransmittance T of said polarization switching lig-
uid crystal element measured with polarization plates on the
incident and outgoing sides is defined by the following equa-
tion:

T=(Y)xsin® {m(l+22)2/2}/(1+4¢*), and

[0031] wherein the phase difference u includes a value 1.7
and the transmittance T is 0.1 or lower when the A ranges from
400 nm to 700 nm.

[0032] The forth aspect of the invention resides in the
image display apparatus according to the third aspect,
wherein the visible light source emits R, G, and B color lights
to the spatial light modulation means in field sequence; and
the spatial light modulation means modulates image informa-
tion in sequence in correspondence with each of the color
lights from the visible light source.

[0033] The fifth aspect of the invention resides in the image
display apparatus according to the forth aspect, wherein the
spatial light modulation means switches image information
on the entire screen simultaneously in correspondence with
each of the color lights from the visible light source.

[0034] The sixth aspect of the invention resides in the
image display apparatus according to the third aspect,
wherein light beam transmits the polarization switching lig-
uid crystal element at an inclination angle of 30 degrees or
smaller.

[0035] The seventh aspect of the invention resides in the
image display apparatus according to the forth aspect,
wherein light beam transmits the polarization switching lig-
uid crystal element at an inclination angle of 30 degrees or
smaller.

[0036] The eighth aspect of the invention resides in the
image display apparatus according to the fifth aspect, wherein
light beam transmits the polarization switching liquid crystal
element at an inclination angle of 30 degrees or smaller.

[0037] The ninth aspect of the invention resides in the
image display apparatus according to the third aspect,
wherein thickness d of the TN liquid crystal of the polariza-
tion switching liquid crystal element is 4 pm or smaller.

[0038] The tenth aspect of the invention resides in the
image display apparatus according to the forth aspect,
wherein thickness d of the TN liquid crystal of the polariza-
tion switching liquid crystal element is 4 pm or smaller.

[0039] The eleventh aspect of the invention resides in the
image display apparatus according to the fifth aspect, wherein
thickness d of the TN liquid crystal of the polarization switch-
ing liquid crystal element is 4 um or smaller.

[0040] The twelfth aspect of the invention resides in the
image display apparatus according to the sixth aspect,
wherein the thickness d of the TN liquid crystal of the polar-
ization switching liquid crystal element is 4 pm or smaller in
the image display apparatus relating to the sixth aspect.
[0041] The thirteenth aspect of the invention resides in the
image display apparatus according to the seventh aspect, the
thickness d of the TN liquid crystal of the polarization switch-
ing liquid crystal element is 4 pm or smaller in the image
display apparatus relating to the seventh aspect.

[0042] The fourteenth aspect of the invention resides in the
image display apparatus according to the eighth aspect,
wherein the thickness d of the TN liquid crystal of the polar-
ization switching liquid crystal element is 4 um or smaller in
the image display apparatus relating to the eighth aspect.
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[0043] 1In the polarization switching liquid crystal element
of the present invention, a phase difference u of said TN liquid
crystal is defined by the following equation:

u=2xAnxd/\

where An is the refractive index anisotropy of said TN liquid
crystal, d is the thickness of said TN liquid crystal, and A is the
wavelength of said polarized light and

[0044] atransmittance T of said polarization switching lig-
uid crystal element measured with polarization plates on the
incident and outgoing sides is defined by the following equa-
tion:

T=(Yaxsin>{m(1+42) 212}/ (1 +42),

[0045] and the phase difference u includes a value 1.7 and
the transmittance T is 0.1 or lower when the A ranges from 400
nm to 700 nm; therefore, a high response speed and reduced
wavelength-dependency are realized using inexpensive and
highly durable TN liquid crystal without increasing parts
cost.

[0046] Furthermore, using the above polarization switch-
ing liquid crystal element for pixel shifting, the image display
apparatus of the present invention provides high quality and
high resolution images while preventing false colors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] FIG. 11is a schematic cross-sectional view showing
the structure of an embodiment of the polarization switching
liquid crystal element of the present invention;

[0048] FIG. 2 is a graphical representation showing the
transmittance-phase difference dependency of TN liquid
crystal;

[0049] FIG. 3 is a graphical representation showing the
transmittance-wavelength dependency of the polarization
switching liquid crystal element;

[0050] FIG. 4 is an illustration showing a circuit for mea-
suring the transmittance of the polarization switching liquid
crystal element;

[0051] FIGS. 5 (a) and (b) are illustrations for explaining
measurement of the transmittance of the polarization switch-
ing liquid crystal element;

[0052] FIG. 6is anIllustration showing the drive waveform
of the polarization switching liquid crystal element and the
output waveform of the light receiving element 12;

[0053] FIG. 7 is a graphical representation showing the
transmittance-wavelength dependency of the polarization
switching liquid crystal element;

[0054] FIG. 8 is a graphical representation showing the
calculation results of the transmittance-wavelength depen-
dency of the polarization switching liquid crystal element;
[0055] FIG. 9 is another graphical representation showing
the calculation results of the transmittance-wavelength
dependency of the polarization switching liquid crystal ele-
ment;

[0056] FIG. 10 is a schematic illustration showing the
structure of Embodiment 1 of the image display apparatus of
the present invention;

[0057] FIGS. 11 (a) and (b) are illustrations for explaining
the mechanism of generation of crosstalk in two-pixel shift-
mg;

[0058] FIG. 12 is an illustration for explaining an ideal
pixel shifting without crosstalk;
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[0059] FIG. 13 is an illustration for explaining RGB
crosstalk generated according to characteristics of the polar-
ization switching liquid crystal element;

[0060] FIG. 14 is a time chart of two-pixel shifting in the
color field-sequential display in the image display apparatus
shown in FIG. 10;

[0061] FIG. 15 is a schematic illustration showing the
structure of Embodiment 2 of the image display apparatus of
the present invention;

[0062] FIG. 16 is a schematic illustration showing the
structure of Embodiment 3 of the image display apparatus of
the present invention;

[0063] FIG. 17 is a schematic illustration showing the
structure of Embodiment 4 of the image display apparatus of
the present invention; and

[0064] FIG. 18 is a schematic illustration showing the
structure of 3D glasses using the polarization switching liquid
crystal element of the present invention.

REFERENCE NUMERALS

[0065] 1. 1a, 15, 1L, 1R polarization switching liquid
crystal element

[0066] 2q, 2b transparent substrate

[0067] 3a, 3b transparent electrode

[0068] 4a, 45 liquid crystal oriented film

[0069] S spacer

[0070] 6 sealing member

[0071] 7 liquid crystal material

[0072] 11 measuring light source

[0073] 12 light receiving element

[0074] 134, 135 polarization plate

[0075] 15 light source emission circuit

[0076] 16 measurement control circuit

[0077] 17 liquid crystal cell drive circuit

[0078] 18 PD amplifier circuit

[0079] 21 color field-sequential illumination means

[0080] 22, 22R, 22G, 22B spatial light modulation ele-
ment

[0081] 23 illumination optical system

[0082] 24, 24a, 245 pixel shifting optical unit

[0083] 25 screen

[0084] 26 projection optical system

[0085] 27 modulation element drive circuit

[0086] 28 liquid crystal cell drive circuit

[0087] 29 pixel shifting control circuit

[0088] 31 light source

[0089] 32 color wheel

[0090] 33 PS conversion element

[0091] 34 integrator rod

[0092] 35 illumination lens

[0093] 36, 364, 36b birefringent plate

[0094] 41 PBS

[0095] 51 white light source

[0096] 52 fly’s eye lens

[0097] 53 PS conversion element

[0098] 54, 55 dichroic mirror

[0099] 56, 57, 58 mirror

[0100] 59 color combining prism

[0101] 61 3D glasses

[0102] 621, 62R, 63R, 63L polarization plate

[0103] 64 liquid crystal cell drive circuit
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0104] Embodiments of the present invention are described
in detail hereafter with reference to the drawings.

[0105] FIG. 11is a schematic cross-sectional view showing
an embodiment of the polarization switching liquid crystal
element of the present invention.

[0106] A polarization switching liquid crystal element (lig-
uid crystal cell) 1 has two transparent substrates 2a and 25
made of for example low-expansion glass, on which transpar-
ent electrodes 3a and 35 made of for example ITO and liquid
crystal oriented films 4a and 4b consisting of polyimide film,
diamond paste, or SiO oblique evaporation are formed. The
liquid crystal oriented films 4a and 45 preferably consist of an
organic material such as diamond paste and SiO in applica-
tions wherein powerful light containing a large amount of
visible light close to ultraviolet is used such as projectors.
[0107] The transparent substrates 2a and 26 on which the
liquid crystal oriented films 4a and 46 are formed are
arranged in the manner that their alignment direction are not
in parallel (generally they are arranged at an angle of 90
degrees although this is not always the case). Spacers 5 made
of glass beads or glass fibers are interposed to create an
intended uniform gap. A sealing member 6 such as UV curing
adhesive seals the periphery except for the liquid crystal inlet
(not shown). After a liquid crystal material 7 consisting of a
TN liquid crystal material is injected through the liquid crys-
tal inlet, adhesive such as epoxy adhesive is applied and cured
to seal the liquid crystal inlet.

[0108] The thickness of the liquid crystal layer or the cell
gap d should be uniform as much as possible. The liquid
crystal material 7 has a refractive index anisotropy (birefrin-
gent index difference) An as a physical property. The spacers
5 determining the cell gap d can be placed in the optically
effective region as shown in the figure. However, they can be
mixed with the sealing member 6 when differences in optical
properties between the liquid crystal material 7 and the spac-
ers 5 are influential and lead to different optical properties.
[0109] With the above structure, the polarization switching
liquid crystal element 1 operates as a polarization switch that
transmits the incident linearly polarized light having a verti-
cally polarized light transmission axis with the transmission
axis rotated by 90 degrees so that the light has a horizontally
polarized light transmission axis when no voltage is applied
between the transparent electrodes 3a and 3 and transmits
the incident linearly polarized light having a vertically polar-
ized light transmission axis without the transmission axis
rotated so that the light emerges as it is when a voltage is
applied between the transparent electrodes 3a and 3b.

[0110] FIG. 2 is a graphical representation showing the
transmittance-phase difference dependency of TN liquid
crystal. The transmittance T is plotted as ordinate and the
phase difference u is plotted as abscissa.

[0111] The phase difference u is expressed by:
u=2xAnxd/h (1)
[0112] wherein A is the wavelength of the incident light.

The transmittance T measured with polarization plates on the
incident and output sides is expressed by:

T=(vo)xsin?{m(1+42) 212}/ (1+4) )
[0113] The polarization switching liquid crystal element 1

serves as a switch by selectively rotating the polarized light
transmission axis of the incident linearly polarized light by 90
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degrees. The switching performance includes a switching
level at which the polarized light transmission axis is rotated
or not rotated.

[0114] FIG. 2 shows performance similar to the above
switching level, indicating that the level can be completely
discrete when the transmittance T is nearly zero. The present
inventor conducted various experiments and confirmed that
liquid crystal materials having a transmittance T of 0.1 or
lower serve as an excellent polarization switch.

[0115] On the other hand, the phase difference u depends
on the wavelength A of the light as apparent from the above
equation (1). Therefore, the transmittance T changes accord-
ing to the wavelength. When the cell gap d is 4 um, the
wavelength A falls under the visible light range (380 nm to
780 nm), and the liquid crystal material 7 has a birefringent
index difference An 0f 0.13 in order to improve the response
speed of the polarization switching liquid crystal element 1,
the phase difference u is 2.73 to 1.33 and the transmittance T
is 0.06 or lower.

[0116] With the cell gap d being 4 wum, a high response
speed can be realized.

[0117] Conversely, when the same liquid crystal material
having a An of 0.13 is used with a cell gap d of 2 um in order
to further improve the response speed, the phase difference u
is 1.36 to 0.66 and the transmittance T is 0.31 for the visible
light wavelength (380 nm to 780 nm). The target value 0f 0.1
or lower cannot be achieved. When a liquid crystal material
having a An of 0.24 is used under the same conditions, the
transmittance T is 0.07, which satisfies the target value of 0.1
or lower.

[0118] As described above, the phase difference u is
decreased as the cell gap d is reduced. Then, liquid crystal
materials having a larger An should be used in order to obtain
a transmittance T 0of 0.1 or lower.

[0119] The visible light wavelengths range from 380 nm to
780 nm in the above explanation. Considering the degree of
influence of the visible light, the visible light wavelengths
ranging from 400 nm to 700 nm are mainly used in practice.
With the liquid crystal being conditioned to this range, a
wider range of liquid crystal materials can be selected.
[0120] Usable liquid crystal materials having a large An
include the following liquid crystal material having a An of
approximately 0.35 manufactured by Merck or Asahi Denka
for display applications:

CSH“CEC CZHS

[0121] Considering availability and stable performance,
the largest An is approximately 0.26 at the moment. This is
because it is more important to obtain the viewing angle
property that is the property change in relation to oblique
incident light or fine gradation display of two or more levels
in display applications than to obtain the capability of switch-
ing two polarization states as in the polarization switching
liquid crystal element of the present invention. It is difficult to
obtain the viewing angle property when the An is large.

[0122] The polarization switching liquid crystal element of
the present invention has the liquid crystal structure opti-
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mized for higher response speeds in transmitting the polar-
ized light with the polarized light transmission axis selec-
tively rotated. Therefore, even if a liquid crystal material
having a An 0of 0.26 or smaller is used, the transmittance T can
be 0.1 or lower. For example, when a liquid crystal material
having a An 0f0.202 is used, the transmittance T can be 0.1 or
lower for the wavelength range from 400 nm to 700 nm with
the cell gap d being 2 um.

[0123] Inorder to obtain a transmittance of 0.1 or lower, it
1s desirable to constitute the liquid crystal in the manner that
the phase difference v is within a range around approximately
1.7 for a wavelength of 550 nm as marked by an oval in FIG.
2.

[0124] FIG. 3 is a graphical representation showing the
transmittance-wavelength dependency of the polarization
switching liquid crystal element obtained using the equations
(1) and (2) wherein the cell gap d is 2 pm, the wavelength A is
380 nm to 780 nm, and An is 0.13, 0.165, 0.218, 0.24, or 0.26.
[0125] As apparent from FIG. 3, the An should be larger
than 0.218 to ensure T=0.1 for A=380 nm to 780 nm. When
the operation wavelength A is 400 nm to 700 nm, T=0.1 is
satisfied even if the An is 0.218, which makes the material
usable. When the liquid crystal is constituted to have a cell
gap d of 2 um, the phase difference u is approximately 1.7 in
FIG. 2. When the phase difference u is smaller, T=0.1 is not
ensured.

[0126] Measurement of the properties of the polarization
switching liquid crystal element is described hereafter with
reference to FIGS. 4 to 6.

[0127] FIG. 4 is an illustration showing a circuit for mea-
suring the transmittance T of the polarization switching liquid
crystal element. The ability of the polarization switching
liquid crystal element is determined by the polarization
switching speed and two polarization states, that is, the
switched states. FIGS. 4 to 6 are mainly to explain the
switched states.

[0128] For example, in a poorly switched state, the polar-
ized light may not be rotated while it is supposed to be rotated
by the polarization switching liquid crystal element. In other
words, the two, rotated and unrotated, states concurrently
present and the switching is not properly performed. An ideal
switching 1 versus 0is achieved when the transmittance T is
nearly zero as shown in FIG. 2. The chance of the two states
being concurrently present is increased as the transmittance T
is increased.

[0129] For measuring the switched states, the polarization
switching liquid crystal element 1, which is an object to be
measured, is interposed between a measuring light source 11
and a light receiving element 12. Furthermore, polarization
plates 13a and 135 are interposed between the measuring
light source 11 and the polarization switching liquid crystal
element 1 and between the polarization switching liquid crys-
tal element 1 and the light receiving element 12, respectively,
in parallel nicols (the polarized light transmission axes are
parallel with each other).

[0130] A light source emission circuit 15 allows the mea-
suring light source 11 to normally emit. A voltage or no
voltage is applied to the polarization switching liquid crystal
element 1 by a liquid crystal cell drive circuit 17 alternately in
a binary manner under the control of a measurement control
circuit 16. This is explained in detail with reference to FIG. 4.
The light receiving element 12 has a PD (photodiode), the
output of which is amplified by a PD amplifier circuit 18 and
supplied to the measurement control circuit 16.
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[0131] With the above structure, the operation of the polar-
ization switching liquid crystal element 1 is measured as
transmittance while a voltage or no voltage is applied to the
polarization switching liquid crystal element 1. The optical
behavior during the transmittance measurement is described
in detail with reference to FIG. 5.

[0132] For measuring the wavelength-dependency of the
switched states of the polarization switching liquid crystal
element 1, the transmittances to R, G, and B wavelengths are
measured using LEDs each emitting R, G, or B wavelength
light as the measuring light source 11.

[0133] In FIG. 4, the polarization plates 13a and 135 are
placed in parallel nicols to measure the transmittance T. They
can be placed in crossed nicols. As a result, a measurement in
one state is obtained and a measurement in the other state can
be deduced. Particularly, when TN liquid crystal is used, it is
easier in parallel nicols to deduce a measurement in the other
state. This is described later with reference to FIG. 6. Expla-
nation will be made on the basis of the parallel nicols con-
figuration hereafter. The response speed can be measured in
the structure of FIG. 4, the explanation of which is omitted
here.

[0134] FIGS. 5 (a) and (b) are illustrations for explaining
the measurement of the transmittance of the polarization
switching liquid crystal element 1. No voltage is applied to
the polarization switching liquid crystal element 1 in FIG. 5
(a) and a voltage is applied to the polarization switching
liquid crystal element 1 in FIG. 5 (b).

[0135] As shown in FIG. 5 (a), when no voltage is applied
to the polarization switching liquid crystal element 1, light
from the measuring light source 11 becomes light having a
horizontally polarized light transmission axis after passing
through the polarization plate 13. The light is rotated by the
polarization switching liquid crystal element 1 by 90 degrees
and incident on the polarization plate 135 as light having a
vertically polarized light transmission axis. The polarization
plate 135 having a horizontally polarized light transmission
axis does not transmit the light and no light reaches the light
receiving element 12.

[0136] On the other hand, as shown in FIG. 5 (b), when a
voltage is applied to the polarization switching liquid crystal
element 1, light from the measuring light source 11 becomes
light having a horizontally polarized light transmission axis
after passing through the polarization plate 13a. The light is
not rotated by the polarization switching liquid crystal ele-
ment 1 and is incident on the polarization plate 13b as it is
while maintaining the horizontally polarized light transmis-
sion axis. The polarization plate 135 having a horizontally
polarized light transmission axis transmits the light having a
horizontally polarized light transmission axis and the light
reaches the light receiving element 12.

[0137] FIG. 6 shows the drive waveform of the polarization
switching liquid crystal element 1 and the output waveform of
the light receiving element 12. FIG. 6 shows the drive wave-
form to apply a voltage/no voltage to polarization switching
liquid crystal element 1 at the bottom and the output wave-
form of the light receiving element 12 corresponding to the
drive waveform at the top. Vp and Vv are the output voltages
in association with the output waveform of'the light receiving
element when a voltage or no voltage is applied.

[0138] V0 isthe dark current value of the measuring system
under no light from the measuring light source 11. V100 is the
total transmittance of the measuring system. The total light
amount passing through the polarization switching liquid
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crystal element 1 is simply divided into two, vertically and
horizontally polarized light components and unchanged in
quantity. Therefore, V100 is actually determined by obtaining
a measurement while a voltage is applied to the polarization
switching liquid crystal element 1 in the same manner as
shown in FIG. 6 with the polarization plates 13a and 135 in
FIG. 4 being arranged in crossed nicols and adding the mea-
surement to Vp in FIG. 6.

[0139] Generally, TN crystal liquid has an optically stable
birefringence and is not elliptically polarized because the
liquid crystal is uniformly oriented while a voltage is applied;
therefore, V100 and Vp are nearly equal. On the other hand,
TN crystal liquid tends to be elliptically polarized while no
voltage is applied. Then, the crosstalk rate due to elliptical
polarization can be determined based on a ratio of Vp-Vv to
Vv-V0 provided that V100 is nearly equal to Vp when the
polarization switching liquid crystal element 1 consists of TN
liquid crystal.

[0140] Liquid crystal is generally evaluated based on the
transmittance T. A state of the liquid crystal which has high
transmittance when no voltage is applied with the polariza-
tion plates 13a and 135 arranged in crossed nicols configu-
ration is called normally white, and another state which has
low transmittance when no voltage is applied with the polar-
ization plates 134 and 135 arranged in parallel nicols configu-
ration is called normally black.

[0141] The transmittance shown in FIGS. 2 and 3 are
obtained in the normally black state. The polarization switch-
ing liquid crystal element 1 according to this embodiment can
also be evaluated in the same manner. With the value at V100
being normalized to a transmittance of 50%, the transmit-
tance T (%) 1s expressed by T=(Vv-V0)/(2x(Vp-V0))x100.
The value at 50% is treated as the maximum because the
polarization light transmission axis in one direction is mea-
sured using a polarization plate.

[0142] The response speed of the polarization switching
liquid crystal element 1 is measured in the circuit shown in
FIG. 4. When TN liquid crystal is used, particularly the
response speed upon the removal of a voltage, response speed
Td from 10% point from start of falling to a 10% point to the
end of falling in the course of the output voltage of the light
receiving element 12 falling from Vp to Vv in FIG. 6, is slow.
[0143] FIG. 7 is a graphical representation showing the
transmittance-wavelength dependency of the polarization
switching liquid crystal element measured by the measuring
method described with reference to FIGS. 4 to 6.

[0144] Here, the transmittance-wavelength dependency
was determined in the polarization switching liquid crystal
element constituted with a cell gap d of 2 um and three
different TN liquid crystal materials having a An of 0.165,
0.218, or 0.24. The measuring light source 11 consisted of
LEDs having a wavelength of 626 nm, 525 nm, or 470 nm.
The measuring temperature was 50° C.

[0145] As apparent from FIG. 7, when the cell gap d was 2
wm, the TN liquid crystal having a An of 0.24 yielded the
lowest transmittance T throughout the entire visible wave-
length range. As described with reference to FIGS. 2 and 3, it
is desirable in terms of performance that the transmittance is
low in a wide wavelength range.

[0146] Here, the An has temperature characteristics; there-
fore, the measurements in FIG. 7 do not exactly match, but
nearly match and correlate with the calculated values in FIG.
3. Then, the polarization switching liquid crystal element 1
can be constituted based on calculated values.
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[0147] FIG. 8 is a graphical representation showing the
calculation results of the transmittance-wavelength depen-
dency of the polarization switching liquid crystal element.
Here, calculations were performed for five different liquid
crystal materials having a An 0f 0.13,0.165, 0.218, 0.24, and
0.26 with a cell gap d of 3 um.

[0148] As apparent from FIG. 8, when the cell gap d is 3
wm, any liquid crystal material except for the one having a An
0f 0.13 can be used. In other words, according to the calcu-
lation, any liquid crystal material having a An=0.135 leads to
atransmittance T of 0.1 or lower throughout the entire visible
light wavelength range.

[0149] FIG. 9 is a graphical representation showing the
calculation results of the transmittance-wavelength depen-
dency of the polarization switching liquid crystal element.
Here, calculations were performed for five different liquid
crystal materials having a An 0f0.13,0.165, 0.218, 0.24, and
0.26 as in FIG. 8 with a cell gap d of 1.6 um.

[0150] When the cell gap d is reduced to 1.6 um, the phase
difference u is shifted to the smaller. Then, in this case, only
the liquid crystal material having a An 0f 0.26 can be used. In
other words, in this case, according to the calculation, any
liquid crystal material having a An=0.252 leads to a trans-
mittance T of 0.1 or lower throughout the entire visible light
wavelength range.

[0151] Embodiments of the image display apparatus of the
present invention comprising the above described polariza-
tion switching liquid crystal element are described hereafter.
[0152] FIG. 10 is a schematic illustration showing the
structure of Embodiment 1 of the image display apparatus of
the present invention.

[0153] This image display apparatus is a projector realizing
two-pixel shifting (wobbling) in the horizontal direction
using the above described polarization switching liquid crys-
tal element 1 of the present invention, comprising a color
field-sequential illumination means 21 capable of color field-
sequential illumination, a spatial light modulation element 22
for displaying input image signals, an illumination optical
system 23 efficiently guiding illumination light from the color
field-sequential illumination means 21 to the spatial light
modulation element, a pixel shifting optical unit 24 including
the polarization switching liquid crystal element 1, a projec-
tion optical system 26 for enlarging and projecting light hav-
ing passed through the pixel shifting optical unit 24 on a
screen 25, a modulation element drive circuit 27 driving the
spatial light modulation element 22, a liquid crystal cell drive
circuit 28 driving the polarization switching liquid crystal
element 1, and a pixel shifting control circuit 29 controlling
the drive of the modulation element drive circuit 27 and liquid
crystal cell drive circuit 28 based on input image signals.
[0154] The color field-sequential illumination means 21
has a light source 31 comprising a white lamp 31a emitting
white light such as an ultra-high pressure mercury lamp,
metal halide lamp, and xenon lamp and an elliptical reflector
3154 collecting the emitted light on aspecific point, and a color
wheel 32 rotating a disk carrying multiple color filters each
transmitting R, G, or B wavelength to generate three, R, G,
and B, color lights in a time-sharing manner. Here, LEDs or
LDs can be used in place of the white lamp 31a and they are
controlled to emit R, G, or B wavelength light in sequence.
[0155] The illumination optical system 23 is a telecentric
system consisting of a PS conversion element 33 that is a
polarized light conversion means efficiently generating a spe-
cific linearly polarized light from the illumination light from
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the color field-sequential illumination means 21, an integrator
rod 34 allowing the polarized light from the PS conversion
element 33 to reach multiple light points for example by
internal reflection, and an illumination lens 35 combining the
lights allowed to reach the multiple light points by the inte-
grator rod 34 and illuminating the entire display area of the
spatial light modulation element 22. The illumination optical
system 23 serves to reduce unevenness in the illumination
that occurs in the light source 31.

[0156] The spatial light modulation element 22 consists of
for example a transmissive LCD, the polarized light transmis-
sion axis of which is aligned with the polarization direction of
the illumination light emerging from the PS conversion ele-
ment 33 of the illumination optical system 23. The spatial
light modulation element 22 is not restricted to a transmissive
LCD and can be a reflective LCD (LCoS) or DMD.

[0157] The pixel shifting optical unit 24 has the polariza-
tion switching liquid crystal element 1 of the present inven-
tion and a birefringent plate 36. In this embodiment, the
polarization switching liquid crystal element 1 has TN liquid
crystal as the liquid crystal material. The birefringent plate 36
consists of an anisotropic crystal such as crystal (a-Si0,),
lithium niobate (LiNbO;), rutile (TiO,), calcite (CaCOs),
Chilean nitrate (NaNos), and YVO,, shifting pixels according
to the direction of the transmission axis of the incident polar-
ized light.

[0158] Inthisembodiment, thepixel shifting control circuit
29 delivers to the modulation element drive circuit 27 images
corresponding to the shifted pixel positions among input
image signals. The pixel shifting control circuit 29 also drives
the liquid crystal cell drive circuit 28 in sync with the delivery
to synchronize the image information of the spatial light
modulation element 22 with the shifted pixel positions for
high resolution. As disclosed in the above Patent Document 2,
the pixel shifting control circuit 29 can make corrections
between fields in consideration of delay in the response speed
of the spatial light modulation element 22.

[0159] In this embodiment, the spatial light modulation
element 22 is a transmissive LCD and the illumination optical
system 23 is a telecentric system. Then, light beam emerges
from the spatial light modulation element 22 at an angle of 30
degrees or smaller including peripheral light. Therefore, the
polarization switching liquid crystal element 1 is placed near
the spatial light modulation element 22 so that light passes
through the polarization switching element 1 at an angle 0f30
degree or smaller in relation to the optical axis. In this way,
influence of oblique incidence from the spatial light modula-
tion element 22 can be reduced.

[0160] The spatial light modulation element 22 consisting
of a transmissive LCD used in this embodiment is described
in detail hereafter.

[0161] In this embodiment, the spatial light modulation
element 22 can switch the display on the entire screen simul-
taneously. The spatial light modulation element 22 capable of
simultaneous display (modulation) has information for the
entire screen at the recording capacitors of the pixels and
operates the display capacitors of the pixels at a time.

[0162] On the other hand, the prior art image display appa-
ratus uses a line-sequential scanning spatial light modulation
element as described in the above Patent Document 1. The
line-sequential scanning spatial light modulation element
uses recording capacitors corresponding to several pixels or
one line or several lines, which is advantageous in cost. In
pixel shifting for higher resolutions (wobbling), as described
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in Patent Document 1, the polarization switching liquid crys-
tal elements of the pixel shifting unit has to be subject to
multiple polarization and driven in sequence in sync with the
line-sequential scanning of the spatial light modulation ele-
ment.

[0163] On the other hand, there is no need of multiple
polarization of the polarization switching liquid crystal ele-
ment in this embodiment using the spatial light modulation
element 22 capable of simultaneous display (modulation).
The drive timing of the polarization switching liquid crystal
element 1 can easily be adjusted.

[0164] Furthermore, when the spatial light modulation ele-
ment is a line-sequential scanning light modulation element
and the polarization switching liquid crystal element is
spaced from the spatial light modulation element, the rela-
tionship between the line-sequential scanning of the spatial
light modulation element and the polarization/drive timing of
the polarization switching liquid crystal element falls into
optical confusion. Therefore, the polarization switching lig-
uid crystal element should be placed near the spatial light
modulation element; there is no freedom of positioning.
[0165] On the other hand, even if the polarization switching
liquid crystal element is spaced from the spatial light modu-
lation element 22 in this embodiment using the spatial light
modulation element 22 capable of simultaneous display
(modulation), there is no need of multiple polarization of the
polarization switching liquid crystal element and the degree
of freedom of positioning the polarization switching liquid
crystal element is improved.

[0166] The above degree of freedom of positioning is par-
ticularly effective when the spatial light modulation element
is areflective LCD (LCoS). When a reflective LCD is used, a
polarized beam splitter (PBS) separating the incident light
from the modulated light is placed in front of the reflective
LCD. When the pixel shifting unit is placed on the optical
path of the modulated light separated by the PBS, the distance
between the reflective LCD and the pixel shifting unit is
increased.

[0167] Deterioration in the switched states caused by the
polarization switching liquid crystal element 1 (see FIGS. 4 to
6), or crosstalk generated due to elliptical polarization, while
a voltage/no voltage is applied to the polarization switching
liquid crystal element 1 for two-pixel shifting (wobbling) in
the horizontal direction is described hereafter with reference
to FIG. 11 (@) and (b). No voltage is applied to the polarization
switching liquid crystal element 1 in FIG. 11 (@) and a voltage
is applied to the polarization switching liquid crystal element
1in FIG. 11 ().

[0168] In FIG. 11 (a) and (3), the spatial light modulation
element 22 modulates polarized light having a vertically
polarized light transmission axis to yield polarized light hav-
ing a horizontally polarized light transmission axis. When no
voltage is applied to the polarization switching liquid crystal
element 1 as shown in FIG. 11 (a), the polarized light incident
on the polarization switching liquid crystal element 1 is
rotated ideally by 90 degrees to become polarized light hav-
ing a vertically polarized light transmission axis and reach the
pixel position A without being subject to horizontal pixel
shifting (beam shifting) by the birefringent plate 36.

[0169] However, it is significantly difficult to realize the
ideal rotation in the polarization switching liquid crystal ele-
ment 1. The polarized light emerging from the polarization
switching liquid crystal element 1 is elliptically polarized in
practice. Therefore, the polarized light emerging from the



US 2008/0225187 Al

polarization switching liquid crystal element 1 has as vector
components a horizontally polarized light component and a
vertically polarized light component. The horizontally polar-
ized light component is subject to pixel shifting by the bire-
fringent plate 36 and reaches the pixel position B. The verti-
cally polarized light component is not subject to pixel shifting
by the birefringent plate 36 and reaches the pixel position A.
In this way, the light reaches both pixel positions A and B
simultaneously while no voltage is applied to the polarization
switching liquid crystal element 1.

[0170] As described above, the polarized light emerging
from the polarization switching liquid crystal element 1 is
elliptically polarized and information to be displayed origi-
nally at the pixel position A is displayed at the two pixel
positions A and B according to the degree of elliptical polar-
ization. This leads to deteriorated resolutions. Here, such a
phenomenon is called crosstalk.

[0171] Similarly, when a voltage is applied to the polariza-
tion switching liquid crystal element 1, the polarized light
emerging from the polarization switching liquid crystal ele-
ment 1 is elliptically polarized and information to be dis-
played originally at the pixel position B horizontally shifted
to the right is displayed at the two pixel positions A and B,
causing crosstalk. When the polarization switching liquid
crystal element 1 has TN liquid crystal, the degree of elliptical
polarization varies depending on whether or not a voltage is
applied. The degree of elliptical polarization is higher when
no voltage is applied than when a voltage is applied.

[0172] The above described crosstalk has a wavelength
dependency. When a single wavelength illumination light is
used, the system can be optimized for that operation wave-
length. When illumination light of the entire visible light
range (or a specific color, R, B, or G, light) is used, the
crosstalk occurs to different degrees depending on the colors
and false colors as described later appear besides deteriorated
resolutions.

[0173] Less crosstalk occurs when the polarization switch-
ing liquid crystal element 1 has a lower transmittance. False
colors are prevented when the transmittance is low for the
entire R, G, and B range. It is difficult to ensure the viewing
angle (oblique incidence) property using materials having a
large An in image display applications in which there is a
great demand for liquid crystal. When the polarization
switching liquid crystal element 1 is used as a pixel shifting
element particularly in projectors, not used in image display
applications, oblique light beams (tilted at 30 degrees or
more) are at issue in few cases and a structure not affected by
the oblique incidence can easily be realized.

[0174] False colors are described hereafter with reference
to FIGS. 12 and 13.

[0175] FIG. 12 is an illustration for explaining an ideal
pixel shifting without crosstalk. Here, an image to be dis-
played at a pixel position A is white and an image to be
displayed at a pixel position B is black. In other words, when
the R, G, and B colors are expressed by 8-bit signals, an image
with R=255, G=255, and B=255 is displayed at the pixel
position A and an image with R=0, G=0, and B=01s displayed
at the pixel position B. The pixel positions A and B are
separated for convenience of explanation. However, having a
large pixel aperture rate, the pixel positions A and B partially
overlap with each other in the actual pixel form.

[0176] Whencrosstalk occurs intheR, G, and B color lights
differently, for example at R, G, and B ratios of 50:50, 80:20,
and 90:10, respectively, due to elliptical polarization through
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the polarization switching liquid crystal element 1, the image
displayed at the pixel position A appears in bluish white
because of weak red and the image displayed at the pixel
position B appears in reddish black because of strong red. A
phenomenon called false color or coloring occurs where
white or black is initially supposed. In other words, because
of differences in the crosstalk rate among the R, G, and B
colors, an undesired color appears.

[0177] FIG. 14 is a time chart of two-pixel shifting in the
color field-sequential display in the image display apparatus
shown in FIG. 10.

[0178] The spatial light modulation element 22 provides
four RGB sequential displays in a field. The R, G, and B color
field duration are determined in consideration of white bal-
ance based on the spectral characteristics of the light source
31. In this embodiment, a color wheel 32 is constituted so that
the illumination occurs in the order of R>B>G.

[0179] AcycleofR, G, and B color fields forms a field and
four fields form a frame with a frequency of 30 Hz. The
two-pixel shifting occurs on a field basis. An image is dis-
played at the pixel position A at the first and third fields during
which no voltage is applied to the polarization switching
liquid crystal element 1. An image is displayed at the pixel
position B at the second and fourth fields during which a
voltage is applied to the polarization switching liquid crystal
element 1. When input signals are interlaced, different data
can be displayed between the first and second fields and the
third and fourth fields at 60 Hz.

[0180] When the polarization switching liquid crystal ele-
ment 1 has TN liquid crystal, the response speed varies
between when a voltage is applied and when a voltage is
removed. Crosstalk and consequently false colors easily
occur during the polarization switching particularly upon the
removal of a voltage. In order to reduce such false colors, the
polarization switching liquid crystal element 1 is turned off
earlier for the change from the pixel position B to the pixel
position A in consideration of the response speed.

[0181] Here, the mechanism of generation of false colors
according to response of the polarization switching liquid
crystal element 1 is described in detail. When the polarization
switching liquid crystal element 1 is turned on in the time
period of lights B1 and R2 between the fields 1 and 2, the
rotation ofthe polarization starts. Light reaches both the pixel
position A and the pixel position B from the start to end of the
rotation of the polarization, causing crosstalk. Particularly,
crosstalk due to the response property of the polarization
switching liquid crystal element 1 occurs in the colors R and
B, notin the color G. Therefore, pixel information (including
white balance) at each pixel position is different from what is
expected, causing false colors.

[0182] Ontheotherhand, when the spatial light modulation
element 22 is ofa line-sequential scanning type and the polat-
ization switching liquid crystal element 1 is driven according
to the line-sequential scanning, the polarization switching
liquid crystal element 1 is turned off at different times
between the upper and lower parts of the screen. This causes
different tendencies in false colors and, consequently, uneven
false colors on the screen. When the polarization switching
liquid crystal element 1 is polarized in order to reduce
unevenness in the false colors on the screen, uneven false
colors occur in the polarized pattern.

[0183] Ontheotherhand, when the spatial light modulation
element 22 is of a simultaneous display type as in this
embodiment, false colors occur evenly throughout the screen
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if any. Then, the observed image does not have uneven false
color parts, which effectively reduce unpleasantness.

[0184] FIG. 15 is a schematic illustration showing the
structure of Embodiment 2 of the image display apparatus of
the present invention. The image display apparatus of this
embodiment uses two sets of pixel shifting optical units 24a
and 24b for four-pixel shifting in the horizontal and vertical
directions in the image display apparatus of Embodiment 1.

[0185] The pixel shifting optical units 24a and 245 have
polarization switching liquid crystal elements 1a and 15 of
the present invention and birefringent plates 36a and 365,
respectively. The birefringent plates 36a and 365 are arranged
with their light beam shifting directions being orthogonal to
each other. The other structure is the same as of Embodiment
1. Therefore, the elements having the same functions are
referred to by the same reference numbers and their explana-
tion is omitted. Operation of four-pixel shifting is well
known; therefore, it is not explained here.

[0186] FIG. 16 is a schematic illustration showing the
structure of Embodiment 3 of the image display apparatus of
the present invention. The image display apparatus of this
embodiment has the simultaneous display spatial light modu-
lation element 22 consisting of a reflective LCD. Therefore, a
PBS 41 is placed between the illumination optical system 23
and the spatial light modulation element 22. Illumination
light incident on the spatial light modulation element 22 and
reflected light modulated by the spatial light modulation ele-
ment 22 are polarized and separated by the PBS41. The
modulated light separated by the PBS 41 reaches the pixel
shifting units 24a and 24b.

[0187] This embodiment uses the spatial light modulation
element 22 of a reflective type. Therefore, the optical path
between the spatial light modulation element 22 and the
polarization switching liquid crystal element 1a constituting
the optical unit 24a is extended. However, the spatial light
modulation element 22 is of a simultaneous display type and
the polarization switching liquid crystal element 1a does not
needto be polarized. The degree of freedom of positioning the
polarization switching liquid crystal element 1q is improved
as described above.

[0188] FIG. 17 is a schematic illustration showing the
structure of Embodiment 4 of the image display apparatus of
the presentinvention. This embodiment is a three-plate image
display apparatus having three spatial light modulation ele-
ments 22R, 22G, and 22B each consisting of a transmissive
LCD in which two sets of pixel shifting optical units 24a and
245 having the polarization switching liquid crystal elements
1a and 15 of the present invention are used for four-pixel
shifting in the horizontal and vertical directions as in Embodi-
ment 2.

[0189] In FIG. 17, illumination light from a white light
source 51 is allowed to reach multiple light points by a fly’s
eye lens 52 for reducing unevenness in illumination on the
spatial light modulation elements 22R, 22G, and 22B and
converted to a specific polarized light by a PS conversion
element 53 consisting of multiple PBSs.

[0190] R light in the illumination light emerging from the
PS conversion element 53 is separated by a dichroic mirror
54, Then, G and B lights are separated by a dichroic mirror 55.
The R light is incident on the spatial modulation element 22R
via a mirror 56 to be modulated. The G light is incident on the
spatial modulation element 22G to be modulated. The B light
is incident the spatial modulation element 22B via mirrors 57
and 58 to be modulated.
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[0191] TheR,G, andB lights modulated by the spatial light
modulation elements 22R, 22G, and 22B, respectively, are
combined by a color combining prism 59. The combined R,
G, and B lights are subject to four-pixel shifting in the hori-
zontal and vertical directions through the two sets of pixel
shifting optical units 24a and 245 and projected on the screen
25 by the projection optical system 26 as in Embodiment 2.

[0192] Here, when the polarization switching liquid crystal
element constituting a pixel shifting optical unit has a wave-
length-dependent polarization ratio as in the prior art, this
three-plate system is subject to different degrees of crosstalk
and consequently false colors for different colors. However,
in this embodiment, the polarization switching liquid crystal
elements 1a and 15 of the present invention described with
reference to FIGS. 1 to 9 constitute the pixel shifting optical
units 24a and 244. Therefore, a high resolution three-plate
image display apparatus with reduced false colors can be
realized.

[0193] FIG. 18 is a schematic illustration showing the
structure of 3D glasses using the polarization switching liquid
crystal element of the present invention.

[0194] The3D glasses use the polarization switching liquid
crystal element as a shutter. The right and left lenses of the 3D
glasses 61 have the polarization switching liquid crystal ele-
ments 1R and 1R of the present invention described with
reference to FIGS. 1 to 9 with polarization plates 62R and 62
having a vertically polarized light transmission axis on their
outer sides and polarization plates 63R and 63L having a
horizontally polarized light transmission axis on their inner
sides. A liquid crystal cell drive circuit 64 drives the polar-
ization switching liquid crystal elements 1R and 1L alter-
nately to make them transmissive alternately. In other words,
two states, in one of which the right lens is transmissive and
the left lens is not transmissive and in the other of which the
right lens is not transmissive and the left lens is transmissive,
appear alternately.

[0195] When the above 3D glasses are used to observe an
image consisting of right and left eye images displayed alter-
nately, the polarization switching liquid crystal elements 1R
and 1L are driven alternately by the liquid crystal cell drive
circuit 64 in sync with the switching of display of the right and
left eye images, whereby a 3D image can be observed.

[0196] The switching speed between the right eye liquid
crystal shutter and the left eye liquid crystal shutter is impor-
tant for the above 3D glasses. It is desirable that the right and
left liquid crystal shutters response at a high speed in con-
junction with the switching of the right and left display
images. To this end, it is effective that the liquid crystal cell
has a small thickness as described above. This results in the
shutter having a wavelength-dependent light shielding rate
(transmittance). Some color may not be shielded to effec-
tively separate the right and left images. For example, the left
eye image leaks into the right eye image (which can also be
crosstalk), impairing a spatial effect in the 3D observation.

[0197] Inthis embodiment, the right and left liquid crystal
shutters consist of the polarization switching liquid crystal
element of the present invention described with reference to
FIGS. 1to 9. The liquid crystal shutter can operate at a high
response speed while the leakage (crosstalk) between the
right and left images due to the wavelength-dependent shield-
ing rate of the liquid crystal shutter is minimized, whereby
reduction in the spatial effect in 3D observation can be sup-
pressed.
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[0198] The present invention is not restricted to the above
embodiments and various modifications and changes can be
made. For example, the polarization switching liquid crystal
element of the present invention can be used extensively not
only in projectors and 3D glasses but also in image display
apparatuses using microdisplay such as electronic view find-
ers (EVFs) and head-mounted displays (HMD) and optical
shutters that selectively transmit or shield light and in pixel
shifting image forming apparatuses using pixel shifting units.

What is claimed is:

1. A polarization switching liquid crystal element having
TN liquid crystal retained between two transparent substrates
for transmitting at least visible polarized light with the polar-
ized light transmission axis selectively rotated by 90 degrees
when a voltage is selectively applied to said TN liquid crystal,
wherein a phase difference u of said TN liquid crystal is
defined by the following equation:

u=2xAnxd/h

where An is the refractive index anisotropy of said TN liquid
crystal, d is the thickness of'said TN liquid crystal, and A is the
wavelength of said polarized light and
a transmittance T of said polarization switching liquid
crystal element measured with polarization plates on the
incident and outgoing sides is defined by the following
equation:

T=(Ya)xsin?{mw(1+u) %12 }/(1 +4?), and

wherein the phase difference uincludes a value 1.7 and the
transmittance T is 0.1 or lower when the A ranges from
400 nm to 700 nm.

2. The polarization switching liquid crystal element
according to claim 2, wherein the thickness d of said TN
liquid crystal is 4 pm or smaller.

3. An image display apparatus having a polarization
switching liquid crystal element, comprising;

a visible light source emitting at least visible light;

polarization conversion means for converting the visible

light from said visible light source to a specific polarized
light;

spatial light modulation means for modulating the polar-

ized light from said polarization conversion means
according to image information;

pixel shifting means for shifting pixels having said polar-

ization switching liquid crystal element and a birefrin-
gent element, pixel-shifting of the modulated light from
said spatial light modulation means being performed by
selectively applying a voltage to said polarization
switching liquid crystal element; and

display optical means for displaying the modulated light

having passed through said pixel shifting means,
wherein

said polarization switching liquid crystal element has TN

liquid crystal retained between two transparent sub-
strates for transmitting at least visible polarized light
with the polarized light transmission axis selectively
rotated by 90 degrees when a voltage is selectively
applied to said TN liquid crystal, and wherein:
aphase difference u of said TN liquid crystal is defined by the
following equation:

u=2xAnxd/h
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where An is the refractive index anisotropy of said TN liquid
crystal, d is the thickness of said TN liquid crystal, and A is the
wavelength of said polarized light, and
a transmittance T of said polarization switching liquid
crystal element measured with polarization plates on the
incident and outgoing sides is defined by the following
equation:
T=(Y)xsin?{m(L+42) Y22} (1+4%), and

wherein the phase difference u includes a value 1.7 and the
transmittance T is 0.1 or lower when the A ranges from
400 nm to 700 nm.

4. The image display apparatus according to claim 3,
wherein said visible light source emits R, G, and B color
lights to said spatial light modulation means in field
sequence; and

said spatial light modulation means modulates image

information in sequence in correspondence with each of
the color lights from said visible light source.

5. The image display apparatus according to claim 4,
wherein said spatial light modulation means switches image
information on the entire screen simultaneously in correspon-
dence with each of the color lights from said visible light
source.

6. The image display apparatus according to claim 3,
wherein light beam transmits said polarization switching lig-
uid crystal element at an inclination angle of 30 degrees or
smaller.

7. The image display apparatus according to claim 4,
wherein light beam transmits said polarization switching lig-
uid crystal element at an inclination angle of 30 degrees or
smaller.

8. The image display apparatus according to claim 5,
wherein light beam transmits said polarization switching lig-
uid crystal element at an inclination angle of 30 degrees or
smaller.

9. The image display apparatus according to claim 3,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.

10. The image display apparatus according to claim 4,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.

11. The image display apparatus according to claim 5,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.

12. The image display apparatus according to claim 6,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.

13. The image display apparatus according to claim 7,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.

14. The image display apparatus according to claim 8,
wherein the thickness d of said TN liquid crystal of said
polarization switching liquid crystal element is 4 pum or
smaller.
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