DESECRI PTI ON  *159159* REFLEX LI QUI D CRYSTAL DI SPLAY DEVI CE, DI SPLAY
APPARATUS, PRQIECTI ON OPTI CAL SYSTEM AND PRQJECTI ON DISPE?Y YSP;y >
TECHNI CAL FI ELD The present invention relates to a reflex Ocfuf’ & r@%ﬁ%ﬁ -
(el ectro-optical) display device adapted for a projection display system
or the like, and also to a display apparatus, a projection optical system
and a projection display systemused in conbination with s i ay
devi ce. BACKGROUND ART Wth the recent progress in reali zi rimmm‘l{ﬁu"ﬂmmnm
projection display with a high definition, a small size an

| um nance, there are noted and practically utilized reflex di SpPREY devices
which are suited for achieving a dPREFRIBREPNr educti on with an enhanced

definition and are capable attaining a high optical effic”ﬂﬂﬁ“ﬁNﬂNﬂWﬁL

such display devices, there is reported an active reflex I

di spl ay device wherein a snnnn*
REFLEX LIQUID CRYSTAL DISPLAY DEVICE,

DISPLAY APPARATUS, PROJECTION OPTICAL SYSTEM,

AND PROJECTION DISPLAY SYSTEM

TECHNICAL FIELD

The present invention relates to a reflex liquid
crystal (electro-optical) display device adapted for a
projection display system or the like, and also to a
display apparatus, a projection optical system and a
projection display system used in combination with such a

display device.

BACKGROUND ART

With the recent progress in realizing improved
projection display with a hi§h definition, a small size
and a high luminance, there are noted and practically
utilized reflex display devices which are suited for
achieving a dimensional reduction with an enhanced
definition and are capable attaining a high optical
efficiency.

Out of such display devices, there is reported an

active reflex liquid crystal display device wherein a



1 dliving element is provided on a silicon substrate which is positioned
opposite to a glass substrate having a transparent el ectrode forned
therein and is conposed of, e.g., a CMOS (conpl enentary netal oxide

sem conductor) «circuit, and a driving circuit substrate having an

al um num optical reflecting electrode is placed thereon, and a
vertically-aligned liquid crystal material is injected between the pair of
such substrates (Paper (1): H.. Kurogane et al., Digests of SID1998, p. 33
- 36 (1998); Paper (2): S. Uchiyama et al., Proceedings of |DWO000, p.
1183 - 1184 (2000)). The devices of this type have practically been
comer ci al i By % e iKke rss H’%é‘?‘éld%%em?/e@t$th¥¢9na$u]@$1’éﬁat€q‘uhucbryst al

material is one having a negative permttivity anisotropy (i.e., AE (= e(
1) - e(1l), Mhirsgsiitsianed difdes e eto b@tg\b@snstdsn@b@arateemapemgn ativity
e(~1) and the vertical permttivity e(l) to the major axis of the liquid
crystal nolterarspaientnegatctue)de Wermddhetvat ¢ figeamppl ¢ ecohed sed@nofjt s
transparent electrode and light reflecting electrode is zero, the liquid
crystal nol ecu.es aarMas i odngsll droerbear g ubst aht o2l dy yentésadlut ot he
substrate plane to thereby give display in a normally black node. The
t hi ckness (egldcwgan) ofd thednveringatiyewit gh@estrate having an

aluminum optical reflecting electrode is placed thereon,

and a vertically-aligned liquid crystal material is

injected between the pair of such substrates (Paper (1):

H. Kurogane et al., Digests of SID1998, p. 33 - 36

(1998); Paper (2): S. Uchiyama et al., Proceedings éf

IDW2000, p. 1183 - 1184 (2000)). The devices of this type

have practically been commercialized by some makers.

Here, the vertically-aligned liquid crystal

material is one having a negative permittivity anisotropy

(i.e., Ae (= (| g(l), which is the difference

between the parallel permittivity £(]l) and the vertical

permittivity £(Ll) to the major axis of the liquid crystal

molecule, is negative). When the voltage applied between

its transparent electrode and light reflecting electrode

is zero, the liquid crystal molecules are oriented to be

substantially vertical to the substrate plane to thereby

give display in a normally black mode.

The thickness (cell gap) of the vertically-aligned

liquid crystal layer in the conventional reflex device



liquid crystal layer in the conventional reflex device 2 reported in the
above theses is 3 to 4 gm and the curve of the liquid crystal
transm ssivity to the driving voltage applied to the liquid crystal
(hereinafter referred to as V-T curve, which corresponds to the
reflectivity of the device neasured actually in the reflex device; it is
supposed here that the incident light, e.g., s-polarized light, is
nodul ated into p- polarized reflected light by the device as will be
described | ater) has such characteristic that it rises at a threshold
vol tage of 2V or so and reaches its maxi num value at an applied voltage of
4 to 6V. The&enartieshigsithe ahyive Hdhesemi s c3ybe ad k. clradgddie awvaivegous! y
by changing the voltage between the electrodes to thereby realize
expressi on ¢ff gislatidnsd crygftal 4 gl 23l Vit g hoastiiat dr éxtegpt ed as an
exanple from Paper (1) cited above. According to the reported data, the
| i quid crystvalltageeragrlsied ttn cdresksig@iid gnystahe(ereimgfvert age i s
approximately 4V, and the response speed (rise tinme + fall tinme) is 1l7nsec
or so. Nor nuddfierresd [iqgquasd Y stwatve s whrictencodrdepdids vol thge is inverted
to be positive or negative per frame or field, so that the above device is
actual | y drinesfldntia pldfBigthofdevice Meadutdd a@xaally . ifStnee the
positive

' reflex device; it is supposed here that the incident

light, e.qg., s—pdlarized light, is modulated into p-
polarized reflected light by the device as will be
described later) has such characteristic that it rises at
a threshold voltage of 2V or so and reaches its maximum
value at an applied voltage of 4 to 6V. The
transmissivity of the liquid crystal is changed
analogously by changing the voltége between. the
electrodes to thereby realize expression of gradations.
Fig. 14 graphically shows data excerpted as an example
from Paper (1) cited above. According to the reported
data, the liquid crystal layer has a thickness of 3 um,
the driving voltage is approximately *4V, and the
response speed (rise time + fall time)‘is l17msec or so.
Normally the liquid crystal is driven while the
voltage is inverted to be positive or negative per frame
or field, so that the above device is actually driven by
a voltage of *4 to 6V at the maximum. (Since the positive

and negative V-T curves are mutually symmetrical in



and'negative V-T curves are nutually symetrical in 3 principle, it is
usual that the V-T curve is expressed as positive alone.) It is also
defined that a liquid crystal driving voltage of 4 to 6V needs to be nore:
than 8 to 12V as an effective withstand voltage of a driving transistor.
Since this voltage is considerably higher than the wthstand voltage in a
normal MOS process, a high wthstand voltage process for an LDD (lightly
doped drain-source) structure or the like is applied to a liquid crystal
driving transistor fornmed in each pixel on the silicon driving circuit
substrate. Considering the production cost, power consunption and so
forth, the REYHSIRERY Vo thydiseayerabl Fhei V5 FURYe &F 8%P5e3sed ashis is
t he reason that the known device is so dei%?ned as to-have a V-T curve of
4 to 6V at tRESHEIARONe. k hd tvar iaddlq dedlinptedhatgu dl gyt grysiiati al
used in the known devices, the refractive index anisotropy An (=n ( 11)
- n (1) , wizghving tvelthdd eofrce thebtVicepedbhetocbeanoreethade h¢ 11 )
along the major axis of the liquid crystal nolecule and the refractive
i ndex n(-L) 12rérds cal defftractie wibshatamd ueolesgetbfinaOdtiviygically 0.08
or so), and the typical pixel pitchis 13.5 gm (pixel size 13 um

transistor.

Since this voltage is considerably higher than the

withstand voltage in a normal MOS process, a high

withstand voltage process for an LDD (lightly doped

drain-source) structure or the like is applied to a

liquid crystal driving transistor formed in each pixel on

the silicon driving circuit substrate. Considering the

production cost, power consumption and so forth, the

withstand voltage is generally in a range of 8 to 12V,

This is the reason that the known device is so designed

as to have a V-T curve of 4 to 6V at the maximum.

In the vertically-aligned liquid crystal material

used in the known devices, the refractive index

anisotropy An (= n{(|l) - n(l), which is the difference

between the refractive index n(|) along the major axis of

the liquid crystal molecule and the refractive index n(l)

vertical thereto), has a value less than 0.1 (typically
0.08 or so), and the typical pixel pitch is 13.5 um
(pixel size 13 um).

Recently, one defect of the liquid crystal display



Recéntly, one defect of the liquid crystal display 4 device concerning a

| ow response speed thereof is attracting attention as a problem and it is
wel | known that raising the response speed is an inportant requisite. In:
general, the response speed (rise tine and fall tinme) of the liquid
crystal is proportional to the square of the thickness d of the liquid
crystal l|layer, as expressed by Egq. (1) and Egq. (2) below. Therefore,
reducing the thickness of the liquid crystal layer is effective to attain
a higher response speed. rise tine: -Ton = - y d E(OA(V2 VvC1) fall tine:
Toff ='Y d (2) KTC (wherey : viscosity of liquid crystal, d: thickness
of liquid cteEics qonaarniAR Hekai XSRS ansReEd opjeweof | 1guid crystal
E(O: space permttivity, K elastic constant of liquid crystal, V:
vol t age applatsraatingatttendriat as (3 irpekilemysand Ot i v nge Vbl kagey, Vc:
-threshold voltage). However, in the vertically-aligned liquid crystal

di spl ay devitts tk nairs ivey etloé orespahsboaghetihe sr espdnge ritsgreedrdéduer e s
rendered hi gher according to Egs. (1) and (2) with reduction of the

t hi ckness ofid hgerldr@li,d the response speed (rise time and fall time)

of the liquid crystal is proportional to the

the thickness d of the liquid crystal layer,

square of

as expressed

by Eq. (1) and Eq. (2) below. Therefore, reducing the

thickness of the liquid crystal layer is effective to-

attain a higher response speed.

y - df
gOAV? - Vc?)

rise time: 7ton =

y - d*
K -

fall time: 1off =

(1)

(2)

(where vy : viscosity of liquid crystal, d: thickness of

liquid crystal layer, Ae: permittivity anisotropy of

liquid crystal, e(0): space permittivity, K:

elastic

constant of liquid crystal, V: voltage applied to liquid

crystal (liquid crystal driving voltage), Vc:

voltage).

threshold

However, in the vertically-aligned liquid crystal

display device known heretofore, although the response

speed thereof is rendered higher according to Egs. (1)

and (2) with reduction of the thickness of the liquid

crystal layer, there arises another problem that the
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crystal layer, there arises another problemthat the 5 driving voltage
required for saturating the transmssivity becones higher. Fig. 15
‘graphically shows V-T curves obtained by reducing the thickness of the
liquid crystal layer in a systemusing a liquid crystal material (where An
= 0.082) enployed in a conventional device, and Fig. 16 graphically shows
changes caused in the saturation voltage with the thickness d of the
liquid crystal layer. As shown in Figs. 15 and 16, the saturation voltage
of the device becones sharply higher over 6V after the thickness d of the
liquid crystal l|layer is reduced to less than 2.5 gm_ and the saturation
vol t age read¥dyimgoliaasy rdsiFamheiPt matirakiegsteis | ess than 2 gm
That is, the withstand voltage required for the driving transistor needs
to be hi gheftreRsmize\LVity deflamesh highar . t fd gt-hildk mesphd dasl Uvesshawsan 1.5
gm the absolute value of the transmssivity fails to reach 100% In case
the thickndsqd duryes giptaimed tghsmmdsiing ythe ttdiiakhess sof netel y 30% or
so, while the threshold voltage is raised to be higher. Such a phenonenon
i s consider édoud dr exylsttaflr dmytdratin  avidyhs teen arhioid on dfquhe ¢hyskaess d
(cell gap) in the wvertically-aligned liquid crystal, the interaction
material (where An = 0.082) employed in a conventional

device, and Fig. 16 graphically shows changes caused in
the saturation voltage with the thickness d of the liquid
crystal layer.

As shown in Figs. 15 and 16, the saturation voltage
of the device becomes sharply higher over 6V after the
thickness d of the liquid crystal layer is redﬁced to
less than 2.5 um, and the saturation voltage reaches high
as 10V or so when the thickness d is léss than 2 um.

That is, the withstand voltage required for the driving
transistor needs to be higher than 20V. In addition, when
the thickness d is less than 1.5 um, the absolute value
of the transmissivity fails to reach 100%. In case the
thickness d is 1 um, the transmissivity attainable is
merely 30% or so, while the threshold voltage is raised
to be higher.

Such a phenomenon is considered to result from that,
with a reduction of the thickness d (cell gap) in the
vertically-aligned liquid crystal, the interaction

exerted on the interface between the liquid crystal



exerted on the interface between the liquid crystal 6 nolecules and the
orientation filmbecones relatively greater to the directional change
‘caused in the director of the liquid crystal nolecules by the applied
voltage. To the contrary, when the liquid crystal |layer has a sufficient
t hi ckness, the director is rendered nore nobile due to the property as a
bul k, whereby the interaction on the interface is decreased in effect. As
descri bed above, if the driving voltage becomes higher in the liquid
crystal display device, proper driving fails to be perforned in an
ordinary driving device substrate of sili is a mtter of course.

on. It ,
that this pw%ﬂﬂ%ﬁﬁ%ﬁﬁ1%%QSEW%eﬂrb?nF%P%?%gg%%% RDecrreanaelablvad¥ of the
pi xel driving transistor, but generally the process is conplicated with
further di s$hRARYDL ofhe i heFeakioebotherée pre8Bet iBnthesditndtere pover
consunption. Further due to such a rise of the withstand voltage, it is
unavoi dabl e athdihea Helquixhsteydtabirelecules| by gele Fpopliaidsvobhaga, it
beconmes extrenmely difficult to manufacture high wthstand-voltage
transi st ors T the stmitirgpf kel whezetiforl pawtd) ctessat hhaydd gasoa so in
particular. For the reason nentioned above, it is practically difficult,
in any knowsufefiebendt syl aykrkeys cetusi dijrédeor is rendered more
mobile due to the property as a bulk, whereby the
interaction on the interface is decreased in effect.
As described above, if the driving voltage becomes
higher in the liquid crystal display device, proper
driving fails to be performed in an ordinary driving
device substrate of silicon. It is a matter of course
_ that this problem can be solved by raising the withstand
voltage of the pixel driving transistor, but generally
the process is complicated with further disadvantages of
increasing both the production cost and the power
consumption. Further due to such a rise of the withstand
voltage, it is unavoidable that the transistor size is
enlarged. For this reason, it becomes extremely difficult
to manufacture high withstand-voltage transistors in a
small pixel size (or pitch) less than 10 um or so in
particular.
For the reason mentioned above, it is practically

difficult, in any known reflex display device using the

conventional vertically-aligned liquid crystal, to reduce

7



convéntional vertically-aligned liquid crystal, to reduce 7 the thickness
of the liquid crystal layer to less than 2.5 gm Reducing the thickness of
the liquid crystal layer as described slows down the rise (response speed)
to the applied voltage and lowers the yield in manufacture of the device.
Further, in any projection optical systemequipped wth such known displ ay
device, the F nunber of the optical unit needs to be equal to or greater
than 3.5 for maintaining a high contrast as will be expl ai ned bel ow,
hence bringi ng another problemthat a high lum nance is not attained. In
any projection systemequipped with reflex liquid crystal disEIay devi ces,
as shown in §¢. thicknesp el jthe chified @RYDPRE chRYRRI Eowhessi BRalini nous
flux emtted froma lanp light source 1 is irradiated to reflex liquid
crystal disp@ddy @wvices 3R, 3G 3B, each wusing vertically-aligned liquid
crystal, via polarized beamsplitters 2R 2G 2B which serve as pol arized
| ight separating &educdnd dher ddiRnesgy edh (1@ ldmbiid weryB)al layer
respectively, and the reflected |ight beans nodul ated by such devices are
col | ected bya qgrscsmided cabmvprdown the whisd $yesbesseespebé) | tghthbeans of
t he indivi dual

applied voltage and lowers the yield in manufacture of

the device.

Further, in any projection optical system equipped

with such known display device, the F number of the

optical unit needs to be equal to or greater than 3.5 for

maintaining a high contrast as will be explained beiow,

hence bringing another problem that a high luminance is

not attained.

In any projection system equipped with reflex

liquid crystal display devices, as shown in Fig. 17,

there is required an optical unit wherein luminous flux

emitted from a lamp light source 1 is irradiated to

reflex liquid crystal display devices 3R, 3G, 3B, each

using vertically-aligned liquid crystal, via polarized

beam splitters 2R, 2G, 2B which serve as polarized light

separating devices for red (R), green (G) and blue (B)

respectively, and the reflected light beams modulated by

such devices are collected by a prism (X-cube prism) 4

which synthesizes the light beams of the individual

colors, and then the composite light beam is projected as



col 6rs, and then the conposite Iight beamis projected as 8 projection
light 10(p) to an unshown screen via a projection lens 5. Here, in an

illumnation optical unit for illumnating the reflex liquid crystal
devices 3R, 3G 3B, the white light (10(p,s) conposed of p-polarized
conponent and s-pol arized conponent) fromthe white lanp |ight source 1 is

processed to be s-polarized light 10(s) via a fly-eye lens 6, a
pol ari zer/ converter 7, a condenser |lens 8 and so forth. Subsequently the
s- polarized light 10(s) is introduced to a dichroic color separation
filter 9, and the |ight separated therethrough is sent to total reflection
mrrors 11, PEOISREEOR kgl c10 @) rep am upskewsegosaenyvhacane | i ght
10R(s), 10G(s) and 10B(s) of individual colors. Thereafter the light is
i nci dent upd@¥altrchidn elkens qui d crystal display devices 3R 3G 3B
respectively via the polarized beamsplitters 2R 2G 2B, and the
reflected |ight isHealeariine@dnand 1umdichdtsitoed dpt iaccondaincefoas t h t he vol t age
applied to the reflex liquid crystal display devices 3R, 3G 3B. After
i nci dence updiunimgpmirey i ziesl befbexplitudds c2RstaG RFiagaiIR, Aty tBe
p-pol ari zed conponents 10R(p), 10G(p), 10B(p) of the light are transmtted
and then arehewHitesi zashby(1dhep ps) storpo SOASEHUSAbO Yarhea t he
component and s-polarized component) from the white'lamp
light source 1 is processed to be s-polarized light 10 (s)
via a fly-eye lens 6, a polarizer/converter 7, a
condenser lens 8 and so forth. Subsequently the s-
polarized light 10(s) is introduced to a dichroic célor
separation filter 9, and the light separated therethrough
is sent to total reflection mirrors 11, 12 and a dichroic
mirror 13 to consequently become light 10R(s), 10G(s) and
10B(s) of individual colors. Thereafter the light is
incident upon the reflex liquid crystal display devices
3R, 3G, 3B respectively via the polarized beam splitters
2R, 2G, 2B, and the reflected light is polarized and
modulated in accordance with the voltage applied to the
reflex liquid crystal display devices 3R, 3G, 3B. After
incidence upon the polarized beam splitters 2R, 2G, 2B
again, only the p-polarized components 1O0R(p), 10G(p),
10B(p) of the light are transmitted and then are
synthesized by the prism 4. Consequently, when the

applied voltage is zero in the reflex liquid crystal



applied voltage is zero in the reflex liquid crystal 9 display device, the
incident light is reflected directly as . s-polarized |ight wthout
passing through the polarized beamsplitter, and thus the systemis placed
in a normally black node where the light is polarized and nodulated with
a rise of the applied voltage, so that the p-polarized reflected light is
increased to eventually raise the transmssivity (refer to Fig. 14). In
the optical unit enployed for the known vertically-aligned Iiquid crystal
di spl ay device reported in Papers (1) and (2), the F nunber is equal to or

greater than 3.5 (e. 8 Paper (1), 2) The F
nunber of tﬁé%ﬂﬁQXxééqﬁﬁq'|§P%ilWQﬁé%qﬁn#%ﬂh?héslﬁ%gﬁ%ﬁi%daﬁb¥%c¥gﬁtgoing

angle of reflected light) O of the light incident upon the device, and it
i s expressed®SsRAagizeF Haht (wishayt @ai%)n%\nt}éb’(%‘#%s?%@l of F=3.5
signifies that the device face is illum nated by the |ight within an angle

of 0 8.2' canlaiimpdrmam )it hergehditds afhe osyheemels celatedeinand
the reflected Iight is obtained therefrom As obvious fromEqg. (3), the
smal | er the & naumzarly hH&pkimpdeiwhﬂnﬁntkeahhgbUtgﬂrmgl@ngtedOamécone
greater to consequently increase the total |umnous flux, hence
modulated with a rise of the applied voltage, so that the
p—poiarized reflected light is increased to eventually
raise the transmissivity (refer to Fig. 14).

In the optical unit empioyed for the known
vertically-aligned liquid crystal display device reported
in Papers (1) and (2), the F number is equal to or
greater than 3.5 (e.g., 3.8 to 4.8 in Paper (1), or 3.5
in Paper (2)). The F number of the oétical unit is a
function of the incidence angle (outgoing angle of
reflected light) 8 of the light incident upon the device,
and it is expressed as follows.

F=1/(2 X sinf) . (3)

An expression of F = 3.5 signifies that theldevice
face is illuminated by the light within an angle of 6 =
+8.2° centering around a line perpendicular to the device
face, and the reflected light is obtained therefrom.

As obvious from Eq. (3), the smaller the F number,
the light incidence and outgoing angle 6 become greater

to consequently increase the total luminous flux, hence

raising the luminance. However, in the reflex liquid

10



rai sing the lumi nance. However, in the reflex liquid 10 crystal device,
generally the black |level value (transmssivity in a black state) becones
‘higher with an increase of the incidence angle, and the polarized-1|ight
separation characteristic of the polarized beamsplitter 1is dependent on
the angle O, whereby it is unavoidable that the characteristic is
deteriorated with an increase of the angle 0, and the degree of separation
into the p- polarized |ight conponent and the s-polarized |ight conponent
is rendered | ower when the angul ar conponent is great. For the reasons
mentioned, there qQccurs a phenonenon that the black |level rises while the

contrast i STYShHSldSle ISR/ SRRl thdde il grkcteesd TRk €there exists a
probl em of trade-off (difficulty for conpatibility) between the |um nance
and the cont{t&¥ensSTBsEdVEE ofin i P 1BblEAten beggrnesivieshenndl thrap ecti on
system equi pped with such a known device, there is enployed an optical
unit where tihereRseumferthes iyagtescy lEngR 5 qmbrhsreeldrcadylighie F
nunber of the projection lens 5 or that of the illum nation optical unit)
That is, isepamatpion etEimctepisttal o sthen rola pheed whedm t el kintoewn
device, the F nunber is not settable to less than 3.5 due to a demand for
practical | y isedlepgini@nt rghmeorinfss 8 9 @heeebd it is unavoidable
that the characteristic is deteriorated with an increase
of the angle 6, and the degree of separation into the p-
polarized light component and the s-polarized light
component is rendered lower when the angular component is
great. For the reasons mentioned, there occurs a
phenomenon that the black level rises while the contrast
is considerably lowered.
Thus, in practical use, there exists a problem of
trade~off (difficulty for compatibility) between the
luminance and the contrast. Because of this problem, in
- any conventional projection system equipped with such a
known device, there is employed an optical unit where the
F number is greater than 3.5 (more specifically, the F
number of the projection lens 5 or that of the
illumination optical unit). That is, in any projection
optical system equipped with the known device, the F
number is not settable to less than 3.5 due to a demand

for practically realizing a high contrast to a certain

degree, hence causing a failure in raising the luminance.

11



degree, hence causing a failure in raising the lumnance. 11 It is
therefore a first object of the present invention to provide inprovenents
in a vertically-aligned liquid crystal display device which is represented
by a reflex liquid crystal display device of the invention having a high
response speed, wherein the liquid crystal transmssivity reaches
saturation at a low voltage despite a small thickness of the liquid
crystal layer, and the device can be driven with facility on a driving
circuit substrate manufacturable by an ordinary withstand voltage process

even in a small pixel  size. T&g above., i nprovenents.al so connote a display
apparatus, a proj égt ilc?nig‘ﬁtrie é’lresfs?férﬁsgg(? 2 S5t joeﬁ:%bc?n RRSSA™y system
usi ng such a reflex liquid Cﬂéﬁ%aj diipla devjce of the invention. A
second obj et IR Jre RRVIGR MR TN ?I%%’F'%I%sl?na Peovi e hbyze pigpedt i on
optical systemand a projection display systemwhere a sufficiently |ow
bl ack | evel lceghtidberisiihidietrlay ARNITOIWRECR hes abenee aerbeP| ¥ harent
even in a high-lum nance optical unit having a small F nunber, hence
achi evi ng a §efd@E daldui dhigpty onk rdisipXay edeviemerf nghe henvequiomnents for
both a higher |um nance and a higher contrast in conparison with those of
any conventheonalg sydtigh) .response speed, wherein the liquid crystal

transmissivity reaches saturation at a low voltage

despite a small thickness of the liquid crystal layer,

and the device can be driven with facility on a driving

circuit substrate manufacturable by an ordinary withstand

voltage process even in a small pixel size. The above

improvements also connote a display apparatus, a

projection optical system and a projection display system

using such a reflex liquid crystal display device of the

invention.

A second object of the present invention resides in
providing a projection optical system and a projection
display system where a sufficiently low black level can
be maintained in addition to the above accomplishment
even in a high-luminance optical unit having a small F
number, hence achieving a practically high contrast (i.e.,
meeting the requirements for both a higher luminance and

a higher contrast in comparison with those of any

conventional system).

12



12 DI SCLOSURE OF | NVENTI ON More specifically, the reflex liquid crystal
di spl ay device of the present invention is such that a first substrate
‘having a light transnissive electrode and a second substrate having a
light reflective electrode are positioned opposite to each other in a
state where the light transm ssive electrode and the light reflective

el ectrode are nutually opposed while a vertically-aligned 1liquid crystal
| ayer is interposed therebetween. In this display device, the
vertically-aligned liquid crystal |ayer has a thickness of less than 2 gm

and the veﬁ#sgﬁ!d%@ iﬁnﬁ%}w&crystal material has a refractive index
ani sot r opy tira T e, the definition of "light reflective
el ectrode” signifies an electro being reflective itself to light, an
el ectrode havi ng aMPFSthﬁéﬂﬁéEqug'l§FgrrFﬁéF@b&}?%%ﬁ_95¥95§én el ectrode
which may be transm ssive itself to [|ight but has an undercoat filmon
condi tion t KESHYaghtdeHigrq &ff ithe PSSt et RNt koR his | i@l f Bt bt ween
the. electrode and the undercoat film The present invention relates also
to a di spl ayfitgipardratsy adsuilpseidadvia ik gt riefarsmisgivel elgstaddeliapday
device of the invention, and further to a projection optical systemwhere
the refl ex la qeabret ywidtmitsplleawing a light reflective electrode

are positioned opposite to each other in a state where

the light transmissive electrode and the light reflective

electrode are mutually opposed while a vertically-aligned

liquid crystal layer is interposed therebetween. In this

display device, the vertically-aligned liquid crystal

layer has a thickness of less than 2 um, and the

vertically—-aligned liquid crystal material has a

refractiQe index anisotropy An of more than 0.1. Here,

the definition of ”light reflective electrode” signifies

an electrode being reflective itself to light, an

electrode having a light reflective layer thereon, and

also an electrode whic¢h may be transmissive itself to

light but has an undercoat film on condition that light

reflectivity is effected in the interface between the

electrode and the undercoat film.

The present invention relates also to a display
apparatus equipped with the reflex liquid crystal display

device of the invention, and further to a projection

optical system where the reflex liquid crystal display
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13 device is disposed in its optical path, and a projection display system
usi ng such an optical system According to the present invention, although
the wvertically-aligned liquid crystal layer is less than 2 gm in '
t hi ckness, the value An of the vertically-aligned liquid crystal materi al
is adjusted to be nore than 0.1 differently fromthe conventi onal
recognition, so that the transmssivity of the liquid crystal reaches its
saturation with facility at a voltage lower than 5 - 6V, hence enabling
satisfactory driving at a practically | ow voltage and nmuch enhancing the
transn155|v§§g'1tsejf Consequent | it becg ossi ble to achieve

i mpr ovenent SETIFS heS rAFTRIS &R Lt $ 2R 57 dp?F U|ﬂn€r9sP5PJGF§bPay

devi ce having a sufficient transm ssivity and superior driving
char act er i stHSREah FOUEILHRI FHR AP (PBW CREgBYFEBMW t hst and vol t age)
whil e holding a high response speed, and also in a display apparatus, a
proj ection optica”ceoprddmdane &hsr Fjreaendn idivpitbeiorsy stldrhaisgmotsaich

i nproved di splay device. The renarkabl e advant ageous functions and effects
ment i oned aboaet iarael opizl ipdd Migupdrergstal | yayort he 1sekechame2ugen of a
vertically-aligned liquid crystal nmaterial having a value An of nore than
0. 1. In casin tdeickdd<ry dis yed Ble |y ithe atiasicd I -4 ckyiess to | ess

than liquid crystal material is adjusted to be more than 0.1
differently from the cbnventional recognition, so that
the transmissivity of the liquid crystal reaches its
saturation with facility at a voltage lower than 5 - 6V,
hence enabling satisfactory driving at a practically low
voltage and much enhancing the transmissivity itself.
Consequently, it becomes possible to achieve improvements
in the reflex vertically-aligned liquid crystal display
device having a sufficient transmissivity and superior
driving characteristic with low—voltagé driving (low
required withstand voltage) while holding a high response
speed, and also in a display apparatus, a projection
optical system and a projection display system using such
improved display device.

The remarkable advantageous functions and effects
mentioned above are obtainable due particularly to the
selective use of a vertically-aligned liquid crystal
material having a value An of more than 0.1. In case the

liquid crystal layer is reduced in thickness to less than

14



14 2,4m for attaining a high response speed, if the directional change of
the director is to be affected by the interaction between the orientation
filmand the liquid crystal nolecules, the incident light is prone to be’
pol ari zed and nodul ated, since An is greater than 0.1, in the liquid
crystal in conpliance with the applied voltage to eventually cause ready
separation of the polarized |ight, whereby the desired transm ssivity can
be obtained even at a | ow voltage. The present invention al so provides a
projection optical systemwhere the reflex liquid crystal display device
of the invention and an optical unit_ having an F nunber 'of less than 3 are
di sposed |n5§ﬂém05@FCﬁFt§bPhng anBighr tREPOpESVEBESda pojtdeti on di spl ay
system usi ng,, such an optlcal system According to the above systens, a

bi ack | evel JiEgsidsddl $hanas sHortho R res ehel qkarke AL ieeted Hh¥kness of -
the liquid crystal |ayer can be kept low as the thickness of the

verti cal | y- #iiggAéd 9nafihiere mefiwgen |therorkentation | gkkmtdrg them and
therefore a high contrast can be realized even if-the F nunber of the

opti cal uni tligiildesyrwstal Rolawihas, ahe gindidemantkghts islmoore tiad nabl e
with such a small F nunber. Thus, the projection optical and display
systens, eadle @lolelicded ind modulated, since An is greater than 0.1,

in the liquid crystal in compliance with the applied
voltage to eventually cause ready separation of the
polarized light, whereby the desired transmissiviﬁy can
be obtained even at a low voltage.

The present invention also provides a projection
optical system where the reflex liquid crystal display
device of the invention and an optical unit having an F
number of less than 3 are disposed in its optical path,
and further provides a projection display system using
such an optical system.

According to the above systems, a black level
supposed to be proportional to the square of the
thickness of the liquid crystal layer can be kept low as
the thickness of the vertically-aligned liquid crystal |
layer is set to less than 2 um, énd therefore a high
contrast can be realized even if -the F number of the
optical unit is less than 3, and yet a high luminance is
also attainable with such a small F number. Thus, the

projection optical and display systems, each of which is
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is equipped with the reflex liquid crystal device of the invention and an
optical unit having an F nunber under 3, satisfy the requirenents for a

hi gher contrast and a higher |um nance in conparison with those of any
conventional system using the known device and optical wunit. The F nunber
of the optical unit is controllable by the focal distance and so forth of
a lens used therein. BRI EF DESCRI PTION OF DRAWNGS Fig. | graphically shows
V-T curves obtained by changing the refractive index anisotropy An of a
vertically-aligned liquid crystal material in a reflex 1liquid crystal

di spl ay device .(where .the thickness d .of a liquid crystal layer is 2 um
Fig. 2 gr apr%qglé'l%pfcg%\/é‘ \}-‘%F AT vey gb]tqa‘f%%oc%‘%ut%%a%%‘fln%e t &é? ractive

i ndex ani sot,ro An of a vertically-aligned liquid crystal material in a
reflex 1T Qi SHySrhaTl & BPGeA L eV Aohi KIHRRST $daT $4 qui d
crystal layer is 1. 5 g m ; Fig. 3 graphically shows V-T curves obtained
by changi n§ e T¥efihee AL HRISA i Ut rd it e ofcantrast iard 1§- al i gned

liquid crystal material in a reflex liquid crystal dt;glay devi ce (where
the thicknedsopest laminanael 1oy yzamanifen With thege 16t any

conventional system using the known device and optical

unit. The F number of the optical unit is controllable by

the focal distance and so forth of a lens used therein.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 graphically shows V-T curves obtained by
changing the refractive index anisotropy An of a
vertically-aligned liquid crystal material in a reflex
liquid crystal display device (where the thickness d of a
liquid crystal layer is 2 pm);

Fig. 2 graphically shows V-T curves obtained by
changing the refractivé index anisotropy An of a
vertically-aligned liquid crystal material in a reflex
liquid crystal display device (where the thickness d of a
liquid crystal layer is 1.5 um);

Fig. 3 graphically shows V-T curves obtained by
changing the refractive index anisotropy An of a
vertically-aligned liquid crystal material in a reflex

liquid crystal display device (where the thickness d of a

liquid crystal layer is 1 um);
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Fig. 4 graphically shows the response speeds of a reflex
vertically-aligned liquid crystal display device (where sanples being 3 gm
and 3.5 gmthick indicate values of known devices); Fig. 5is a table of
data representing the saturation voltage, transm ssivity and response
speed of each sanple obtained in relation to the thickness d, refractive

i ndex ani sotropy An and permttivity anisotropy A of a vertically-aligned
liquid crystal material in a reflex liquid crystal display device; Fig. 6
graphically shows conparative changes of the saturation voltage with the
refractive index anj,sotro in relation to

py._An. of .the.same . .liquid crystal
the thickness d o ltgr'ie‘ll ﬁéﬁpg‘l&’aylsltyalsqogl ert;heFirge.SPP eapsrﬁeceé:}ﬁ f fows V-T
curves obtained when the thickness of the sanme liquid, crystal layer is 3.5
o and t ho HEAh S T Tortdd et i A St et o LRy ey S o) 3o
Fig. 8 graphically shows the dependency of the black-state transmssivity
on the thi ckierofsamiel emkeing qli docppét dl- 51 ayertiiek congbeaten with the

bl ack-state value as 100% of a.quPid crystal |ayer being 3.5 gm thick in
a known devi@uesmiqf knoyasiietes) shows the bl ack | evel changes 17

Fig. 5 is a table of data representing the
saturation voltage, transmissivity and response speed of
each sample obtained in relation to the thickness d,
refractive index anisotropy An and permittivity anisotropy
Ae of a vertically-aligned liquid crystal material in a
reflex liquid crystal display device;

Fig. 6 graphically shows comparative changes of the
saturation voltage with the refractive index anisotropy An
of the same liquid crystal in relation to the thickness d
of the liquid crystal layer;

Fig. 7 graphically shows V-T curves obtained when
the thickness of the same liquid crystal layer is 3.5 um
and the refractive index anisotropy An of the liquid
crystal is 0.13;

Fig. 8 graphically shows the dependency of the
black~state transmissivity on the thickness of the same
‘liquid crystal layer (in comparison with the black-state
value as 100% of a liquid crystal layer being 3.5 um
thick in a known device);

Fig. 9 graphically shows the black level changes
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caused in the reflex vertically-aligned liquid crystal device of the
present invention in conparison with the. black Ievel changes relative to
the F nunber of a measuring optical unit in the known device; Fig. 10 '
graphically shows the |um nance changes caused in the sanme liquid crystal
device relative to the F nunber; Fig. 11 is a schematic sectional view of
the reflex wvertically-aligned liquid crystal display device of the pre
sent invention; Fig. 12 is a sectional view of principal portions on a
driving circuit substrate of silicon in the display device of the

i spl ay deviSinse s SHR G LA FHEEL G G s Ay SHGHE SR Lurve of
the known device (where the thickness of its liquid crystal |layer is
appr oxi mat el3eVEGE BT e DERIAHRRYEN I QholR SemPerl s WwhEhi Hed while
reduci ng the thickness of the liquid crystal layer in the known device
(where An =ldagsdevmlyichingpapre ki ivye stovehe hB rhapegesofadsed in the
saturation voltage in accordance with the thickness of .the same liquid
crystal |ay@teasnins optical unit in the known device;

Fig. 10 graphically shows the luminance changes
caused in the same liquid crystal device relative to the
F number;

Fig. 11 is a schematic sectional view of the reflex
vertically-aligned liquid crystal display device of the
présent invention; | |

Fig. 12 is a sectional view of principal portions
on a driving circuit substrate of-silicon in the display
device of the invention;

Fig. 13 is an equivalent circuit diagram with the
layout of the display device of the invention;

Fig. 14 graphically shows a V-T curve of the known
device (where the thickness of its liquid crystal layer
is approximately 3 um);

Fig. 15 graphically shows V-T curves obtained while
reducing the thickness of the liquid crystal layer in the
known device (where An = 0.082);

Fig. 16 graphically shows the changes caused in the

saturation voltage in accordance with the thickness of

the same liquid crystal layer; and
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Fig. 17 is a schematic diagramof a projection optical systemusing the
known reflex liquid crystal display device. BEST MODE FOR CARRYI NG QUT THE
TNVENTION In the reflex liquid crystal display device of the present

i nvention, the thickness of the vertically- aligned liquid crystal |ayer
needs to be equal to or less than 2 gmfor achieving the functional
effects nentioned above. It is nore preferred that the thickness be in a
range of 0.8 to 2 am and further in a range of' 1 to 2 m Although the
response speed is raised with a reduction of the | ayer thickness, the

lower Iimt of the hlcg ess r.abl and nore referably 1
gmin regard to s dore C‘rpﬂalp aﬁt zfg]t Igooﬁrﬂe%?‘?%‘?ﬁ'g*‘?%n film
and also in regard to controljablllt of the Layer_thickness. Wiile the
t hi ckness of°RTF3T IV LR o3 9 ¢%®e¥n9%§ B%féﬂﬁlilq%hdnééd§tﬁé be greater
than .0.1 in order to enhance the polarized |ight separation, but an
exceSS|ve||ﬂ#§9ﬁﬁ¥(ﬁeV¥p¢s not exactly efficient for enhancing the ef f ect
or is not practical either. Therefore, An may preferably be | ess than
0.25. In a preferred structure, a liquid crystal .orientation filmis
formed on the opposed face of a 19 transparent electrode of ITO (indiumtin
oxi de) or tIREST MODE FOR CARRYING OUT THE INVENTION
In the reflex liquid crystal display device of the

present invention, the thickness of the vertically-

aligned liquid crystal layer needs to be equal to or less

than 2 pum for achieving the functional effects mentioned

above. It is more preferred that the thickness be in a

range of 0.8 to 2 um, and further in a range of 1 to 2 u

m. Although the response speed is raised with a reduction

of the layer thickness, the lower limit of the thickness

is preferably 0.8 um, and more preferably 1 um in regard

to suppression of the interaction to the orientation film

and also in regard to controllability of the layer

thickness. While the thickness of the liquid crystal

layer may be small, An needs to be greater than 0.1 in

order to enhance the polarized light separation, but an

excessive increase of An is not exactly efficient for

enhancing the effect or is not practical either.

Therefore, An may preferably be less than 0.25.
In a preferred structure, a liquid crystal

orientation film is formed on the opposed face of a
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like as the aforenmentioned |ight transm ssive electrode and also on the
opposed face of the light reflective electrode of alum numor the I|ike,
‘and the light reflective electrode is connected to a single crystal

sem conductor driving circuit of silicon or the |like provided on the

af orenenti oned second substrate, thereby constituting an active driving
type. If a driving circuit substrate of silicon is enployed as the second
substrate, the substrate itself is opaque and adapted for reflex type.
Mor eover, a MOS (metal oxide sem conductor) transistor as a driving

el ement and an auxiliary capacity for voltage supply are suited for

hi gh- densi t yerangmgrentt onlettaddedo fi ITO a(bhdive pant exhdey ohethe

sem conduct or processing technol ogy, so that it becones possible to
realize a hilglkeapey tihe a&tweenentighed r esSghtt toansmessbvenbhaceredé of a
pi xel density, reduction of a cell size, and enhancenent of a carrier

transfer ratand Afldldry, thdeosiso yéMIf £t CHE t tRONDLyBESrafetving
transi stor such as MOSFET (netal oxide sem conductor field effect

transistor) dwrentidb fof £RahiMikedr ofhé heiks) | 4s@nteabstigrte, and the
light reflective electrode is connected to the output side of the driving
transistor. <1k Pieed] SdZRoEaN Hecdeieeddt €0 eguaing e Ok r 8851t han 10
semiconductor driving circuit of silicon or the like
provided on the aforementioned second substrate, thereby.
constituting an active driving type. If a driving circuit
substrate of silicon is employed as the second substrate,
"the substrate itself is opaque and adapted for reflex
type. Moreover, a MOS (metal oxide semiconductor)
transistor as a driving element and an auxiliary capacity
for voltage supply are suited for high-density
integration attained with a minute pattern by the
semiconductor processing technology, so that it becomes
possible to realize a high aperture rate, a high
resolution due to enhancement of a pixel density,
reduction of a cell size, and enhancement of a carrier
transfer rate.
Actually, the driving circuit comprises a driving
transistor such as MOSFET (metal oxide semiconductor
field effect transistor) provided for each pixel on the

silicon substrate, and the light reflective electrode is

connected to the output side of the driving transistor.
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gmdue to the use of a low withstand voltage transistor which is drivable
at a low voltage. And the liquid crystal display device is also reducible
‘in size to equal to or less than 2 inches diagonally. Orientation control -
of the vertically orientated liquid crystal material may preferably be
performed by neans of a liquid crystal orientation film conposed of a
silicon oxide film Such an orientation filmcan be formed by vacuum
evaporation or the like with directivity (i.e., capable of easily
controlling the pretilt angle of liquid crystal nolecules). In a display
apparatus equi pped with the re flex liquid crystal display device of the.
present invdie @rixedndidescam by gjasbidesh optéqedl aal off shésy Glyan eh® where
such liquid crystal display device is disposed in the optical path thereof

(further withmadueptbc8heunise b&viangowawikhszwaher viendelged)rahdiisyr source
and an optical unit for enabling incidence of the Iight fromthe |ight

source ont ehilkd rief ldpdvdod ditcry siew wbisp@y. devidce ey iquief erably be
di sposed in the optical path together with the reflex liquid crystal

di splay devicgeysand anddiely ptidali dnilsd Fedutiwicingsihe tofdgeied
light fromthe .reflex Iiquid crystal display device. 21 In this case, it
is preferredd hat ithe M 2 inches diagonally.
Orientation control of the &ertically orientated

liquid crystal material may preferably be performed by

means of a liquid crystal orientation film composed of a

silicon oxide film. Such an orientation film can be

formed by vacuum evaporation or the like with directivity

(i.e., capable of easily controlling the pretilt angle of

liquid crystal molecules).

In a display apparatus equipped with the reflex

liquid crystal display device of the present invention

and also in projection optical and display systems where

such liquid crystal display.device is disposed in thé

optical path thereof (further with an optical unit having

an F number under 3), d'light source and an optical unit

for enabling incidence of the light from the light source

onto the reflex liquid crystal display device may

preferably be disposed in the optical path together with

the reflex liquid crystal displéy device and another

optical unit for introducing the reflected light from the

reflex liquid crystal display device.
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em tted fromthe light source is incident upon the reflex liquid crystal
di spl ay device via a polarizer/converter and a polarized beamsplitter,
and the reflected light fromthe reflex liquid crystal display device is
i ntroduced via the polarized beamsplitter again or is introduced further
via a projection lens to a screen. It is also preferred that the reflex
liquid crystal display device and the polarized beamsplitter are

di sposed for each of colors, and the reflected |ight conponents fromthe
i ndividual reflex liquid crystal display devices are synthesized or are
introduced further to the projection |ens. Mdre concretely, white |ight
emitted froma whifla lthdist cesenrcet &s pmeddrded Hhatt ide dalaht zer/
converter to a dichroic color separating filter, which then separates the
| i ght into ressiparetd vierdn giite ciopiponemisceofis hind hdénvi dapdn coherseflex
Subsequently, the 1ight conponents are incident upon the reflex liquid
crystal di sdiayuide\dmest aleshiendlasel dewice tia pol polzeilzebbednspttét er, and
the reflected Iight conponents therefromare synthesized by neans of a

prism Here,ardde polymieledibddie Gptitedr unidd usied F&f 1 €ordi NBiglen Wi th the
reflex liquid crystal display device of the invention needs to be a snal

\éalhiuehof | estrdhathe3 e Ot Bl i gy Sedmadi 1y YaoFi@ high contrast and
’ introduced via the polarized beam splitter again or is
introduced further via a projection lens to a screen.

It is also preferred that the reflex liquid crystal
display device and the polarized beam splitter are
disposed for each of colors, and the reflected lighf
components from the individual reflex liquid crystal
display devices are synthesized or are introduCéd further
to the projection lens. More concretely, white light
emitted from a white light source is introduced via the
polarizer/converter to a dichroic color separating filter,
which then separates the light into respective light
components of the individual colors. Subsequently, the
light components are incident upon the reflex liquid
crystal display devices respectively via the polarized
beam splitter, and the reflected light components
therefrom are synthesized by means of a prism.

Here, the F number of the optical unit used in

combination with the reflex liquid crystal display device

of the invention needs to be a small value of less than 3
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| uni hance. Preferably, however, the F nunber is desired to be not nore
than 3.0 and not less than 1.5 (further not less than 2.0) in order to
‘enhance the effect. Now a preferred enbodi ment of the present invention

wi |l be described belowin detail with reference to the acconpanying

drawi ngs. First, Fig. 11 shows the fundanental configuration of a liquid
crystal electro-optical device constituting a display apparatus which is
represented by the preferred enbodinment. This device serving as a reflex
liquid crystal display device 23 conprises a silicon driving circuit
substrate 31 conposed of single crystal of silicon or the |ike and having a
light refleciovetttaningcgPatikilbivedf sthighucentaadtaandaaspagbnt
substrate 33 of glass or the |like having a transparent el ectrode 32 and
positi oned oppusidrece o tPre fauedtlvat vl vasherdien B nwerdy cis | dJesd rgmhed
liquid crystal 36 is sealed between the two substrates (actually between
liquid crysted bormentmérontian nk. Bdamich36) leds shawnlip Frgrthdr a
reflective el ectrode substrate serving as the driving circuit substrate is

such that a st Views CiH&wi2.0) in coOr@st stdgeshi¥cangha- ehaapel MOS
transistors Tr and 23 '

Now a preferred embodiment of the present invention
will be described below in detail with reference to the
accompanying drawings.

First, Fig. 11 shows the fundamental configuration
of a liquid crystal electro-optical device constituting a
display apparatus which is represented by the preferred
embodiment.

This device serving as a reflex liquid crystal
display device 23 comprises a silicon driving circuit
substrate 31 compdsed of single crystal of silicon or the
like and having a light reflective electrode 30 of a
pixel structure, and a transparent substrate 33 of glass
or the like having a transparent electrode 32 and
positioned opposite to the substrate 31, wherein a
vertically-aligned liquid crystal 36 is sealed between
the two substrates (actually between liquid crystal
orientation films 34 and 35). As shown in Fig. 12, a
reflective electrode substrate serving as the driving

circuit substrate is such that a driving circuit

o2
comprising CMOS and n-channel MOS transistors Tr and
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capacitors Cis formed on a single crystal silicon substrate 37, and a
Light reflective electrode 30 of a pixel structure is fornmed thereon with
‘a metal filmof alumnum silver or the like. In case the |ight ~
reflective electrode is conposed of netal such as alumnum it functions
as both a light reflecting filmand an electrode to apply a voltage to the
liquid crystal. For the purpose of further raising the light reflectivity,
a light reflective layer with a nulti-layer filmsuch as .a dielectric
mrror may also be formed on the alumnum electrode. In Fig. 12, the
transi stor Tr conprises, for exanple, an n-type source region 38, a drain
regi on 39, aappticansyd ats nfprfmedna® angingfat ergsteirsiibiddn wherein

el ectrodes 42 and 43 are led out fromthe active regions respectively. In
this structwuhstitete| Bt raotd a3light conbbeteilvei alaotrotier 30ayér a
insulating film47 to a capacitor electrode 46 which is in contact with an
i nsul ating fpixel dtehetture fd | f)ridéd orth@nedsntypEhr €gnebal44itansEituting a
capacitor C. The electrode 43 is connected also to a wire 50 via

inter-layer dinsulrain,Ngilvditod8&het ol tiegl. f urd hetsd acide ddht reflective
electrode 30. In this device, the s-polarized incident |ight 10(s) shown
in Fig. 17 i omerdedld-aaesdd dadteorddosed of metal such as
aluminum, it functions as both a light reflecting film
and an electrode to apply a voltage to the liquid crystal.
For the purpose of further raising the light reflectivity,
a light reflective layer with a multi-layer film such as
a dielectric mirror may also be formed on the aluminum
electrode.
In Fig. 12, the transistor Tr comprises, for
example, an n-type source region 38, a drain region 39, a
gate insulating film 40 and a gate electrode 41, whereiﬁ
electrodes 42 and 43 are led out from the active regions
respectively. In this structure, the electrode 43 is
connected via an inter-layer insulating film 47 to a
capacitor electrode 46 which is in contact with an
insulating film (dielectric film) 45 on an n-type region
44 constituting a capacitor C.” The electrode 43 is
connected also to a wire 50 via inter-layer insulating
films 48, 49 and further to the light reflective

electrode 30. In this device, the s-polarized incident

light 10(s) shown in Fig. 17 is converted in accordance
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with the applied voltage in the |layer of the vertically- aligned |iquid
crystal 36, whereby reflected light 10(p) including p-polarized light is
‘obtained, and then the light 10(p) is introduced to the aforenentioned
pol ari zed beamsplitter 2. In the reflex liquid crystal display device of
the present invention, the |ayer thickness d (cell gap) of the
vertically-aligned liquid crystal 36 is set to be equal to or less than 2
gm and the refractive index anisotropy An of the vertically-aligned
liquid crystal 36 enployed here is nore than-0.1. Fig. 13 shows a
fundanment al | ayout of the,displag device and an equivalent circuit of its
pi xel porti dtth THe appkied dyedtage cincthe LbaysrrafetBe ¥enpiraddiva pixe
driving circuit formed in each pixel, and a logic driver circuit (data
driver, scarmi¥gnestilequithocsystabrit) whevbebyraetlechedhtigbti pAépy of a
di splay area. The pixel driving circuit formed under each |ight
reflective (Pixeldind artpober Boed ohiglt siofohtaimedhi agd thanstkeor Tr and
an auxiliary capacitance C for supplying a voltage to the
vertically-aligmed 0 (muids inystdhc8d. tdhehérafsiehentToned pelyarieddt o
w thstand a predeterm ned voltage corresponding to the driving voltage
for the verthean Ispritiggred ] iquid crystal, and it 25
In the reflex liquid crystal display device of the

present invention, the layer thickness d (cell gap) of

the vertically-aligned liquid crystal 36 is set to be

equal to or less than 2 pgm, and the refractive index

anisotropy An of the vertically-aligned liquid crystal 36

employed here is more than 0.1.

Fig. 13 shows a fundamental layout of the display

device and an equivalent circuit of its pixel portion.

The silicon driving circuit substrate 31 comprises a

pixel driving circuit formed in each'pixel, and a logic

driver circuit (data driver, scanning driver and so

forth) incorporated in the periphery of a display area.

The pixel driving circuit formed under each light

reflective (pixel) electrode 30 consists of a switching

transistor Tr and an auxiliary capacitance C for

supplying a voltage to the vertically-aligned liquid

crystal 36. The transistor Tr is required to withstand a

predetermined voltage corresponding to the driving

voltage for the vertically-aligned liquid crystal, and it
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is produced normally by a higher withstand voltage process as conpared
with the logic. Since the transistor size becones greater with a rise of
‘the withstand voltage, wusually a transistor having a wthstand voltage of-
8 to 12V or so is used in view of the production cost and the power
consunption. Therefore, it is desired to design that the liquid crystal
driving voltage is set within 6V. This requirenent can be net according to
the present invention. In the vertically-aligned liquid crystal 36 used in
this display device, each nolecule is so oriented that the major axis

thereof is LendergpcgﬁgstantH_ll vertiigg to, the substrate when no
vol tage i s appH&EFY 2iTeisina ala)béw At EPYr BT ERE, Ve her %R or axis is
inclined to the in-plane direction to therepy change the transm ssivity.
If the incl BFGSHT & TP aLFhivHE & vl Lot ec Fids eartdan dir aned stote
directionally when the liquid crystal is driven, there occurs sone
non- uni f or MYz g PeqamehtFesatendwibh kAesd se| plotder wishatant stxhtage,
.di sadvantage, it is necessary to vertically orient the liquid crystal by
previ ousl y disviadd Ya asl|tingns igtery [havidlae withstanddvel tage i oh §gemeral |y
in the diagonal direction of the device) as showmn in Fig. 11. If the
pretilt anglleéVi orexcess waad liar geiew hef 2the production cost and the
power consumption. Therefore, it is desired to design
that the liquid crystal driving voltage is set within 6V,
This requirement can be met according to the present
invention.
In the vertically-aligned liquid crystal 36 used in
this display device, each molecule is so oriented that
the major axis thereof is rendered substantially vertical
to the substrate when no voltage is applied, and upon
application of a voltage, the major axis is inclined to
the in-plane direction to thereby change the
transmissivity. If the inclinations of the liquid crystal
molecules are not the same directionally when the liquid
crystal is driven, there occurs some non-uniformity in
brightness and darkness. 1In order to avoid such a
~disadvantage, it is necessary to vertically orient the
liquid crystal by previously giving a slight pretilt
angle in a fixed direction (generally in the diagonal

direction of the device) as shown in Fig. . 11.

If the pretilt angle is ekcessively.large, the
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vertical orientation characteristic is deteriorated with a rise of the

bl ack level to eventually lower the contrast while affecting the V-T
curve. Therefore, the pretilt angle is controlled generally within a range
of 1' to 7'. Each of the liquid crystal orientation films 34 and 35 to be
gi ven such a pretilt angle is conposed of a silicon oxide filmrepresented
by Si 02, such as an oblique evaporated film or a polyimde film In the
former, the evaporation angle given at the tinme of oblique evaporation is
in arange of 45 to 55*; nmeanwhile in the Ilatter, the pretilt angle is

controlled within a,range of, .1' to 7* changi ng the ruybbi ng .condition.
In the known' TevtGal ?ﬁge?ﬁ?Ekﬂ%sggara?ggﬁésg%ar%gcgﬁgﬁyéPFSﬁgQ Wi&hi d
crystal layer ip the_device structure of Fig, 11 is_approximately 3 to 4
pm and the? eF 3¢ REdRe sk acketSVPHuFD BVGREURLI¥L 4PIVEE KhBre the
refractive index anisotropy An is less than 0.1 (typically 0.08 or so)
However, if SPRCERFEKNeLSe dabfecthay| Flei ¥-Ergurde.| dSkereforee Wrown
device is reduced to less than 2.5 gnl the response speed is rendered
hi gher but tH¥eelkiviapolel iageontrehieddoesetessyi vethinbsveange ofiat the
requirements for prgctical use fail to be satisfied. The mechani smof this
phenomenon thatte he” . dEiadmg i/ diheage dsid aigertad tdr teuiet ion of lmdie34
t hi ckness 27 .
and 35 to be given such a pretilt angle is composed of a
silicon oxide film represented by Si0O,, such as an oblique
evaporated film, or a polyimide film. 1In the former, the
evaporation angle given at the time of oblique
evaporation is in a range of 45° to 55°; meanwhile in the
latter, the pretilt angle is controlled within a range of
1° to 7° by changing the rubbing condition.

In the known device, the thickness d of the
vertically-aligned liquid crystal layer in the device
structure of Fig. 11 is approximately 3 to 4 um, and
there is used a selected liquid crystal material where
the refractive index anisotropy An is less than 0.1
(typically 0.08 or so). However, if the thickness d of
the liquid crystal layer in the known device is . reduced
to less than 2.5 um, the response speed is rendered
higher but the driving voltage is raised as described
above, so that the requirements for practical use fail to

be satisfied. The mechanism of this phenomenon that the

driving voltage is raised with reduction of the thickness
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of the liquid crystal layer is not exactly definite, but it is considered
to be derived fromthat, while the bulk property of the Iliquid crystal
‘appears principally with an increase of the layer thickness, the influence
of the interaction on the interface between the orientation film and the
liquid crystal is not negligible (i.e., the interaction is supposedly so
exerted as not to incline the liquid crystal nolecules). As the result of
repeati ng many experinments in order to overcone the problens nentioned
above, the inventor has found that the problens can be sol ved by
selectively controlling the refractive index niSOtEﬁﬁy An, of the

a

vertipally-é?'dﬁ@% }4 %ﬁ%%?%.. YetiuP $8-nbiec ﬂ? igpitey gbuty ang 2
i Qi A cry st Al LRt KA | GRoot HAETLHRS PTeRnEBSTd ORiiReEhE gull
crystal layer is 2 gmand 1.5 /Lm respectively. It is seen fromthese
di agr ans t hARZORREHT tf ridirick I Fpidfcryseat haeRpess Broncipalliquitihcrysta
| ayer to less than 2 gmin particular, the transmssivity is easily °
saturat ed atam iwease mfe ©ie 4lavep\tlvickressi f thaeinfhitenceopy Bhei s hel d
over 0.1, whereby practical driving 1is achievable. According to the
present inventiergcisien om theg8interface between the orientation film

and the liquid crystal is not negligible (i.e., the

interaction is supposedly so exerted as not to incline

the liquid crystal molecules).

As the result of repeating many experiments in

order to overcome the problems mentioned above, the

inventor has found that the problems can be solved by

selectively controlling the refractive index anisotropy An

of the vertically-aligned liquid crystal material to more

than 0.1. Figs. 1 and 2 graphically show V-T curves

obtained by changing the anisotropy An of the liquid

crystal under conditions that the thickness d of the

liquid crystal layer is 2 um and 1.5 um, respectively.

It is seen from these diagrams that, despite reduction of

the thickness d of the liquid crystal layer to less than

2 pm in particular, the transmissivity is easily

saturated at a low voltage of 4 to 6V or less if the

anisotropy An is held over 0.1, whereby practical driving

is achievable.

According to the present invention, even in a
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di spl ay device where the thickness d of its liquid crystal layer is
extrenely small as 1 um the transmssivity is saturated at a | ow driving
voltage of 6V or so if the anisotropy An is held over 0.1, as shown in
Fig. 3. It is also seen that remarkable inprovenents can be attained in
conparison wth any conventional device where the transm ssivity obtained
by using the known material conposition is nerely 30% or so. Particularly
due to the use of a selected liquid crystal naterial having a high val ue
of An = 0. 13, it is possible to realize, even with a thickness of 1 um

[l ent,, f di spl devi i ch ically-sali d liquid
crystal of SHTRIAY HRFToRI HATES BI8 (P CFRRTS r QhshtSsibAM§dw th superi or
F

driving characteristic. Fig. 4 graphically shows the response speed (rise
time + fall ¥9¥ED2bflayrr ris | extremely eR9si apsdi spimy thevi ce according to
the present invention. As plotted, the response is nuch faster in
conpari son ViSRS iR Bayl e otRerE2 bl 2Hevi koW duéning volbagese€ with d
=2gm or under several nmsec with d = 1.5 gmor |less. (However, wth d
= 2.5 4m t H reesponsief sfeedanbsédorapedin dslheld omsac.(). 1,0 dhestevice with
d =15¢gmor less, the fast response is kept under 8nsec even in a half
tone. This ideige i3. cdpalilse adfsa edleyithpta eatd et oo rymp magen et s

can be attained in comparison with any conventional

device where the transmissivity obtained by using the

known material composition is merely 30% or so.

Particularly due to the use of a selected 1iquid crystal

material having a high value of An = 0.13, it is possible

to realize, even with a thickness of 1 um, an excellent

reflex display device which uses vertically-aligned

liquid crystal of silicon and indicates a sufficient

transmissivity with superior driving characteristic.

Fig. 4 graphically shows the response speed (rise
time + fall time) of the reflex liquid crystal display

device according to the bresent invention. As plotted,

the response is much faster in comparison with that in

any conventional device, such as 7 to 9msec with d = 2 um,
or under several mséc with d = 1.5 um or less. (However,
with d = 2.5 um, the response speed is loﬁered to 13 -

ldmsec.) In the device with d = 1.5 um or less, the fast

response 1is kept under 8msec even in a half tone. This

device 1is capable of realizing a satisfactory image
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quatity even in notion pictures of novies or television pictures where
half-tone display is frequently enployed wth many noving inages. Fig. 5
is a table showing the characteristics of the display device (sanples Nos.
7 - 15) of the present invention and those of conparative exanples
(sanples Nos. 1 - 6, 16 - 19) . Fig. 6 graphically shows changes of a
saturation voltage with An in relation to the thickness d of a liquid
crystal layer. In view of the driving characteristic, the transmssivity
and the response speed, suitable values adapted for practical use are as -

foll k d,of th d || i f bl

ot LA AL R B
L f An ~ ~I f bly An ~ ! 0, 103, furth

ol BELAG il S0 BE R BIAERRCLE Mogaonfscheprbri o

~ ~ 0.11, further preferably An '-:2: 0 114) ; and with d = 1 gm An

0. 104 (m)re "b]r@?éﬁ*adbﬁhfn%‘h“ilg-JI@a‘Zﬂ&l further preferably An 2~! 0. 12) Fig.
7 graphically shows V-T curves obtained when the thickness of the liquid
crystal layer in tH&d%ndwis deviadd § showsngntie iPrenaetentisgtics of
vertically-aligned liquid crystal material having a high refractive index
ani sotropy Amefdimplay devicd, (famples Nohe Caseldf &h 8e present

invention and those of comparative examples (samples Nos.
l -6, 16 - 19). Fig. 6 graphically shows changes of a
saturation voltage with An in relation to the thickness d
of a liquid crystal layer. In view of the driving
characteristic, the transmissivity and the response speed,
suitable values adapted for practical use are as follows.
The thickness d of the liquid crystal layer is preferably
less than 2.um4 and particularly 1 to 2 um; An of the
liquid crystal with d = 2 um is preferably An = 0.1 (more
preferably An = 0.103, further preferably An = 0.114);
with d - 1.5 um, An = 0.106 (more preferably An = 0.11,
further preferably An 2 0.114); and wifh d=1um, An 2
0.104 (more preferably An £ 0.114, further preferably An
2 0.12).

Fig. 7 graphically shows V-T curves obtained when
the thickness of the liquid crystal layer in the known
device is 3.5 um by the use of a vertically-aligned

liquid crystal material having a high refractive index

anisotropy An of more than 0.1, i.e., in the case of An =
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0.18 for exanple. As seen fromthis graph, the threshold voltage is
eonsiderably | owered, and saturation is attained at a driving voltage of
‘approxi mately 2V. However, as obvious fromthe aforenentioned Eq. (1), the
response speed is in inverse proportion to the square of the driving

vol tage whil e being changed in conformty wth the thickness d of the
liquid crystal |ayer, so that such a low driving voltage extrenely
deteriorates the response speed. According to the results of actual

measur enents, the bl ack-and-white response speed of this device is 46nsec
(approx. SOrsec), and in a half tone, the response speed is |lowered to

100nsec or o ldud o exammi-hePsds6s off roRe thdisyidkgpliol ttaige thir@sde Idausi ng
mani fest difficulty for practical use. Thus, in the known device, it is
necessary t Foldd@ee isheonsigerablan havirired,0.and rsatiwgaioion his r esponse
speed. As described above, the present invention has been acconplished by
newy findi agtelianedeqt i tdeiwding: wfltagefof tdmprtaxpnaktaekystal material so
as to realize an inproved reflex vertically-aligned Iiquid crystal device
where the Howekmress ad @bviiteaid ifipond tdrey st fad rdmpeyreri orsed eBg. t ()N, Zige m
Therefore, even if the thickness d of the liquid crystal layer is Iess
than 2 gm tkepsaise apeenl U@ tiagd et e proapfeibbycsefrastd yed ve agf ust i ng
the refractive index 31

the driving voltage while being changed in conformity

with the thickness d of the liquid crystal layer, so that

such a low driving voltage extremely deteriorates the

response speed. According to the results of actual

measurements, the black-and-white response speed of this

device is 46msec (approx. 50msec), and in a half tone,

the response speed is lowered to 100msec or so due to a

further drop of the driving voltage, hence causing

manifest difficulty for practical use. Thus, in the known

device, it 1s necessary to reduce the value of An under

0.1 in view-of-the response speed.

As described above, the present invention has been

accomplished by newly finding the requisite value of An of

the liquid crystal material so as to realize an improved

reflex vertically-aligned liquid crystal device where the

thickness d of its liquid crystal layer is less than 2 um.

Therefore, even if the thickness d of the liquid crystal

layer is less than 2 um, the saturation voltage can be

lowered by selectively adjusting the refractive index
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ani sotropy as An? 0.1, hence enhancing the response speed as well. The
t-abl e shown bel ow gi ves the values of An (also those of AE!) of
vertically-aligned liquid crystal mterials (mde by Merck Ltd.,).
Vertically-aligned liquid crystal material Sanple ASanpl e BSaane CSanpl e D
An+0. 082+0. 103+0. 114+40. 13 n(I1)1.5571.5841.5981. 62 n(1)1.4751. 4811. 4841. 49

AE-4.1-0.5-5.3-4.3 E (3.54.03.93.8 E (1)7.69.09.28.1 Next, a description

will be given on the advantage that the vertically-aligned liquid crystal
di splay device of the invention is nore effective for an optical unit of
a smaller F nunber as conpared with any known device. First, it has been

found that tawelddbekpyeveldn = @ hk desice @ﬂhahelnngheloaspansag a thinner
liquid crystal |layer can be | owered under the black | evel obtained in the
known devi ceSR#RE a3 Heell quid crystal layer has a thickness of 3 to 4 gm

In Fig. 8, each 32 black |evel value (black-state transmssivity at zero
vol tage) in the vertthecadbl-ealshgwerd Halgpw dyicrasstttle drEPléey of An (also
those of Ae) of vertically-aligned liquid crystal
materials (made by Merck Ltd.,).

Vertically-aligned liquid crystal material

Sample A |Sample B Sample C Sample D
An +0.082 +0.103 +0.114 +0.13
n(l) 1.557 1.584 1.598 1.62
n(l) 1.475 1.481 1.484 1.49
Ae -4.1 -0.5 -5.3 -4.3
e () 3.5 4.0 3.9 3.8
e (L) 7.6 9.0 9.2 8.1

ﬁext, a description will be given on the advantage
that the vertically-aligned liquid crystal display device
of the invention is more effective for an optical unit of
a smaller F number as compared with any known device.

First, it has been found that the black level in
the device of the invention having a thinner liquid

crystal layer can be lowered under the black level

obtained in the known device where the liquid crystal

layer has a thickness of 3 to 4 um. In Fig. 8, each
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device of the invention is graphically showmn as a function of the
thlckness of the liquid crystal layer. In the respective materials, the
'nunerical values obtained with a layer thickness of 3.5 gmare expressed
as 100% (where the abscissa represents the thickness of the Iliquid
crystal layer). Wen the applied voltage is zero, the liquid crystal

nol ecul es are oriented to be substantially vertical to the substrate

pl ane, so that in principle the incident light is reflected w thout any
change of the polarized state and then is returned to the incidence side
by neans of wever, in the actual device, the

ized beamsplitter
liquid crysﬁgvﬂﬁﬁag %f%ﬁ F?L??heﬁtﬁFe tB?EFWFFséH§F¥ &RdZ8Fe therefore
rendered sli htlg el]i tlcal and npreover the_light separation
characteri stY ?»u#%xﬁ%ﬁ|%%£F%%%%4¥pﬁ?%9@?dl%1qﬂéﬁeﬁ§¥ﬁtaénd@ﬁElay
i nci dence angl e as nentioned, whereby the black-state transmssivity is
raised to coREkiRmE thecinyertior thegtaphiaallyVehawhi ke Bn the displ ay
device of the present invention, it has been found that the bl ack-state
transnlSS|V|ﬁ%n¢ti¢mwmﬁeiheuth&@km%@@c@fohhefth@lGBCrhstkheiayef t Hen
liquid crystal |ayer and, as shown in Fig. 8, the black Ievel value
obt ai ned thﬁhﬁiﬂegpﬂctive materials, the numerical values obtained
with a layer thickness of 3.5 um are expressed as 100%
(where the abscissa represents the thickness of the
liquid crystal layer).
When the applied voltage is zero, the liquid
crystal molecules are oriented to be substantially
vertical to the substrate plané, so that in principle the
incident light is reflected without any change of the
polarized state and then is returned to the incidence
side by means of a polarized beam splitter. However, in
the actual device, the liquid crystal molecules are
- inclined at a pretilt angle and are therefore rendered
slightly elliptical, and moreover the light separation
characteristic of the polarized beam splitter is
~dependent on the incidence angle as mentioned, whereby
the black-state transmissivity is raised to consequently
deteriorate the contrast.
Meanwhile in the display device of the present

invention, it has been found that the black-state

transmissivity is lowered with a reduction of the
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t hi ckness of 2 um becones 20 - 30% as conpared with the value in the known
device, or 10 - 20%wth a layer thickness of 1.5 gm or 5 - 15%wth a
layer thickness of 1.0 gm (But when the layer thickness is 2.5 gm the

bl ack | evel value becones high as 40 - 50% Regarding the contrast which
is expressed by the ratio of white and black levels, since the white |evel
is kept substantially unchanged, the result shown in Fig. 8 indicates that
the contrast attained in the device of the present invention becones

hi gher than five to ten tines or nore with a |ayer thickness of 1.5 gmfor

exanple. Such fall of the black |evel value with a reduction of the
t hi ckness of@?hgk??ﬁ%iﬂch9§tquPAQeFrV§ta&oﬁ§V8€ré&dtoaﬁesbayédln

principally on the follow ng reasons._ The transmissivity T of the liquid
crystal in Yhe devitkeoplagk pepESénvalnoenbrained wiphesséayey Eq. (4). T
cc sin 2 (2d-An (ef f) - 7c (4) In the above, | denotes the wavel ength of
the |ight, entclmé¢ssfPf d2nptredadomest fHCt- VB Y ef g amdnipeer éddeixth athsot ropy -
corresponding to the inclination angle O from .the perpendicul ar direction
of liquid cryatee imltoel ksowB4ddhiseanpsol Popy208 wiphesséddyby Eq. (5).
An(ef f) =n (1 1) n (1) - - n(_L) ... (5)

thickness of 1.5 pgm, or 5 - 15% with a layer thickness of

1.0 um. (But when the layer thickness is 2.5 um, the

black level value becomes high as 40 - 50%). Regarding

the contrast which is expressed by the ratio of white and

black levels, since the white level is kept substantially

unchanged, the result shown in Fig. 8 indicates thaﬁ the

contrast attained in the device of the present invention

becomes higher than five to ten times or more with a

layer thickness of 1.5 um for example.

Such fall of the black level value With a reduction

of the thickness of the iiquid crystal layer is

considered to be based principally on the following

reasons. The transmissivity T of the liquid crystal in

the device of the present invention is expressed by Eqg.

(4) .

T o sin® (2d+An(eff) m/1) cee (4)
In the above, A denotes the wavelength of the
light, and An(eff) denotes the effective refractive index

anisotropy corresponding to the inclination angle 8 from

the perpendicular direction of liquid crystal molecules.
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V[n'cos' (0) + n(_L)2 - sin 2 (0)] The inclination angle 0 of the liquid
erystal nolecules is wwdened with a rise of the liquid crystal d riving
‘voltage, and An(eff) is increased correspondingly thereto to raise the
transm ssivity consequently. It is seen that, when 0 = 90* in principle,
An(eff) becones equal to the value of An of the liquid crystal material.
According to Eq. (4), the transmssivity T becones 100% when the condition
of 2d-An (ef f) - 7r 7c /2 is satisfied. The black |evel value, i.e., the
transm ssivity in a black state, becones zero if the liquid crystal
mol ecul es are oriented conpletely vertically as (0 = 0), so that An (eff)
= 0. Actual IBrishewdv@tramie i5 RFeSSSA Y Fi et es are oriented with a
pretilt angle of 1 to 7' as nentioned, whereby the value of An(eff) is
rendered finite to consequently give the black-state transmissivity. As
the bl ack-state transmssivity is raised wth an increase of the pretilt
angle, it is preferred that thep il yangl e be controlled to |l ess than
50. Since 2d- Anef¥) =7r———= fﬁﬁ?i(véﬁpe=aF=FhF-'bL@ck | eved , (Bg. (4)
may be rewitten approxﬁl%ﬂe)?y &2540) T Rldi n i’ an (eff) ir / ;) -
(2dAn (eff) ic/ ; L 2. Therefore, T is theoretically considered to be
proportional to thengqyaeeifhtiBe bRgtknes A e thequid crystal

molecules is widened with a rise of the liquid crystal
driving voltage, and An(eff) is increased correspondingly
thereto to raise the transmissivity consequently. It is
seen that, when 6 = 90° in principle, An(eff) becomes
equal to the value of An of the liquid crystal material.
According to Eq. (4), the transmissivity T becomes 100%
when the condition of 2d+An(eff) n/A = mn/2 is satisfied.
The black level wvalue, i.e., the transmissivity in
a black state, becomes zero if the.liquid crystal
molecules are oriented completely vertically as (6 = 0),
so that An(eff) = 0. Actually, however, the liquid
crystal molecules are oriented with a pretilt angle of 1
to 7° as mentioned, whereby the value of An(eff) is
rendered finite to consequently give the black-state
transmissivity. As the black-state transmissivity is
raised with an increase of the pretilt angle, it is
preferred that the pretilt angle be controlled to less
than 5°. Since 2d:‘An(eff)*m/A has a small value at the

black leVel, Eq. (4) may be rewritten approximately as
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quhid crystal layer. The data of Fig. 8 obtained from the actual
measur enment can be expl ai ned substantially in accordance with this
'relation. Thus, the thickness d of the liquid crystal layer in this device
is so designed as to be less than 2 ,um and therefore the black level can
be suppressed |low essentially in conparison the known device where the
| ayer thickness is 3 to 4 gm hence realizing a high contrast. If the F
nunber of the optical unit is decreased in the known device, the black
| evel is raised to eventually fail in ensuring a desired contrast, and
therefore it is unavoidable to set the F number forcedly jo nmore than 3.5,
as al ready destrsbed. (Abwevetl)i'T{Ad devied (e * B/dsknt invention, the
black level in the device itself is held extrenely |ow as expl ai ned, so
that a suf fARSEHRASEhiGH TIMeaRtieal be @nretdefederoiPethe optical unit
having a small F nunber. Fig. 9 graphically shows changes caused in the
bl ack- st at e RFoRehigiad t50 he Ry ehetle nuvbekness dhefpthbgecti on | ens
5in Fig. 17 and that of the 36 neasuring optical unit corresponding to the
i1lumnatiodicoypd cyatdl layer bl Jkle detel ofi F8g Wit ket adeceaeomf the F
nunber, but in the device of the present invention,

the actual measurement can be explained substantially in

accordance with this relation.

Thus, the thickness d of the liquid crystal layer

in this device is so designed as.to be less than 2 um,
and therefore the black level can be suppressed low
essentially in comparison the known device where thé
layer thickness is 3 to 4 um, hence realizing a high
contrast.

If the F number of the optical unit is decreased in
the known device, the black level is raised to eventually
fail in ensuring a desired contrast, and therefore it is
unavoidable to set the F number forcedly to more than 3.5,
as already described. However, in the device of the
present invention, the black level in the device itself
is held extremely low as explained, so that a
sufficiently high contrast can be ensured even in the
optical unit having a small F number.

Fig. 9 graphically shows changes caused in the
black-state transmissivity by changing the F number of

the projection lens 5 in Fig. 17 and that of the
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the bl ack |evel i
wher eby a suffici

s kept lower than in the known device at any F nunber,
ently high contrast can be realized even in the optical

unit having a smaller F nunber under 3. Mrreover, a satisfactory high

| um nance s sti

Fig. 10. (However,

[l attained with an F nunber of less than 3, as shown in
the lum nance is saturated when the F number is under

2). And the lumnance is considerably lowered if the F nunber exceeds 3.
Regardi ng the |lum nance, it has been found experinentally that, in a

practical project

ion system mﬁth an optical unit using a 120Wlanp in a

diagonally 0.7-inch device for ng t he | um nance i s_enhanced

appr oxi mat elrf}e%?)‘%%‘énoﬁ%c@ n%‘b%r

ment i oned above,

EreRRARE4nSr 5 Shesildymgnafion

a_superior prolectlon system which is capable of neeting

the requir erRE5Cabrubb h Fhenigk defteastisen With ghedetirtdanes in

conparison with

any known system using the conventional device and

optical unitthedn maberoyilet tuethe deeidespfayhdepresentf ihimenpieagnt
invention and also to a projection optical systemand a projection display
system each Bmplivdacly bevadl/ bptkept Lowerothan Fnnthbeknundede8ice at
Hereinafter the preferred enbodi nent of the present invention will be
descri bed noamwy speourdben) |whet ¢y soaneufficiently high contrast can be

realized even in the optical unit having a .smaller F

number under 3. Moreover, a satisfactory high luminance

is still attained with an F number of less than 3, as

shown

in Fig. 10. (However, the luminance is saturated

when the F number is under 2). And the luminance is

considerably lowered if the F number exceeds 3.

Regarding the luminance, it has been found

experimentally that, in a practical projection system

with an optical unit using a 120W lamp in a diagonally

0.7-inch device for example, the luminance is enhanced

approximately 60% when the F number is changed from 3.85

to 2.

which

As mentioned above, a superior projection system,

is capable of meeting the requirements for both a

higher contrast and a higher luminance in comparison with

any known system using the conventional device and

optical unit, can be provided due to the display device

of the present invention and also to a projection optical

- system and a projection display system each employing an
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cOnbérative exanpl es. [Conparative exanple 1] Each conventional known
devi ce was produced as follows. First, a glass substrate with a
‘transparent electrode and a driving circuit substrate of silicon with an-
al um num el ectrode were washed and then were introduced into an
evaporator, where a liquid crystal orientation filmof SiO2 was fornmed by
obl i que evaporation in an angular range of 45 to 55. The thickness of the
liquid crystal orientation filmwas set to 50nm and the pretilt angle of
the liquid crystal was so controlled as to be approxinmately 2.5.
Thereafter an adequat e, nunber of gl ass beads having a diameter of 1 to 3.5
m were spriRtEPbeteerOt nant oW Bhest PRERE dhere the liquid crysta
gm : i qul
orientation filmwas forned, and the two substrates were joined together.
Subsequent |y, a veHt§X&NaALtRY el RESfRLE «d yakedingitere &l thersereggntver ck
Ltd.,) having a negative permttivity anisotropy AE and a refractive index
ani sotropy ARGNDLOBWinaE bejdesedibedwenet bpesibicadlgswith sbmeeby
produce six kinds of reflex liquid crystal 38 display devices (sanples Nos.
1 - 6 in Fi grompanieiee téeamplesi d crystal |ayer thickness (cell gap) was
3.5gm 2.9 gm 2.5gm 2 gm 1.5 gmand 1 gmrespectively.
[Comparative example 1]
Each conventional known device was produced as
follows. First, a glass substrate with a transparent
electrode and a driving circuit substrate of silicon with
an aluminum electrode were washed and then were
introduced into an evaporator, where a liquid crystal
orientation film of Si0O, was formed by oblique evaporation
in an angular range of 45 to 55°. The thickness of the
liquid crystal orientation film was set to 50nm, and the
pretilt angle of the liquid crystal was so controlled as
to be approximately 2.5°.

Thereafter an adequaté number of glass beads having
a diameter of 1 to 3.5 um were sprinkled between the two
substrates where the liquid crystal orientation film was
formed, and the two substrates were joined together.
Subsequently, a vertically-aligned liquid crystal
material (made by Merck Ltd.,) having a negative
permittivify anisotropy Ae¢ and a refractive index
anisotropy An of 0.082 was injected between the substrates

to thereby produce six kinds of reflex liquid crystal
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In éach of the devices thus produced, a voltage was applied between the
transparent el ectrode and the alumnum electrode, and the changes caused
inthe transmissivity of the liquid crystal by changing the applied
vol tage were neasured. (Since the devices are of reflex type, actually the
reflectivity thereof is neasured. However, neasuring the reflectivity is
equi valent to neasuring the transmssivity of the liquid crystal, and
therefore it will be so described below ) The measurenent was performed at
roomtenperature. Fig. 15 graphically shows the liquid crystal driving
characteristics of such devices. As shown in Figs. 15 and 16, the
saturation dfiPhaYveeYhgesrigaBrsasr PPy - dver 66Wnwidg -t 9 thiezkndde of the
liquid crystal layer is less than 2.5 gm (Enbodinent 1] In the sane
met hod as adbpueddforygbapatayevethérinpke 1cedit gapedwalsode5 @ thj i g
crystal orientation filmO Si02 was formed on each of a substrate with a
transparent glnect odeumpd2audii Vi g gir auidt 1sybst f@speotiveiyicon with an
al um num el ectrode, and three kinds of 39 vertically-aligned |iquid crystal
material s (nmade by IrVevadh ldfl.the hdaviges tiegstpredpesd) t4i volyagai wasr opy
AE and a refractive index anisotropy An of 0.103, 0.114 and

applied between the transparent electrode and the

aluminum electrdde, and the changes caused in the

transmissivity of the liquid crystal by changing the

applied voltage were measured. (Since the devices are of

reflex type, actually the reflectivity thereof is

measured. However, measuring the reflectivity is

equivalent to measuring the transmissivity of the liquid

crystal, and therefore it will be so described below.)

The measurement was performed at room temperature.

Fig. 15 graphically shows the liquid crystal

driving characteristics of such devices. As shown in Figs.

15 and 16, the saturation driving voltage rises sharply

over 6V when the thickness of the liquid crystal layer is

less than 2.5 um.

[Embodiment 1]

In the same method as adopted for Comparative
example 1 mentioned above, a liquid crystal orientation
film of Si0O; was formed on each of a substrate with a

transparent electrode and a driving circuit substrate of

 silicon with an aluminum electrode, and three kinds of
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0.13 were injected between the two substrates to thereby produce nine
kinds of reflex liquid crystal display de vices (sanples Nos. 7 - 15 in
‘Fig. 5) where the liquid crystal layer thickness (cell gap) was 2 gm 1.5
gmand 1 umrespectively. The pretilt angle of the liquid crystal was so
controlled as to be approximately 2.5*.. The liquid crystal driving
characteristics of the devices thus produced were neasured at room
tenperature sinmlarly to Conparative exanple 1. Figs. 1, 2 and 3
graphically show the driving characteristics obtained in three cases where
the thickness of the liquid crystal layer is 2 um 1.5 gmand 1 gm
respectlveIyve¢#tfa%#Ysalh9¥%%l%1§%bQAﬁﬁyﬁﬁéldmﬁtﬁﬁga¢él?Egég by the

i ndi vidual devices at which the transm ssivity is saturated

subst anti al INeranditd so) theavirgpachégat yutupernittheityranssossopivtde It is
seen fromsuch results that, as Anis controlled to be nore than 0.1, the
transm ssividndis reftactted tadéxyantsattowy vl tafe afo3, t®. BM despit e
reduction of the liquid crystal layer thickness d under 2 .,um whereby
practical drévihgiess bejeetédrvedied) Euet teo nBubstsabee tbethereby
transm ssivity is much enhanced in conparison with any conventi onal

device, it haoodese POssikblieds oof epdfrzex aniyaDaovedsshli €o8pLe{l ex type
devices (samples Nos. 7 - 15 in Fig. 5) where the liquid

crystal layer thickness (cell gap) was 2 um, 1.5 um and

1 um respectively. The pretilt angle of the liquid

crystal was so controlled as to be approximately 2.5°.

The liquid crystal driving characteristics of the
devices thus produced were measured at room temperature
similarly to Comparative examplell. Figs. 1, 2 and 3
graphically show the driving characteristics obtained in
three cases where the thickness of the liquid crystal
layer is 2 um, 1.5 um and 1 pm respectively. Fig. 5 is
a table showing the driving voltages of the individual
devices at which the transmissivity is saturated
substantially, and also the respective values of the
transmissivity. |

- It is seen from such results that, as An is

controlled to be more than 0.1, the transmissivity is
saturated easily at a low voltage of 4 to 6V despite

reduction of the liquid crystal layer thickness d under 2

Mm, whereby practical driving can be performed.
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vertically-aligned liquid crystal display device having a sufficient
transm ssivity and superior driving characteristic. Qther devices were

"al so produced by formng, as a liquid crystal orientation film a
polyimde filminstead of a silicon dioxide film and controlling the
orientation by rubbing. The results were the sane as those nentioned
above. [Enbodi nent 2] The response speed relative to a rise tine (from
black to white) and a fall tine (fromwhite to black) was neasured in each
of the reflex liquid crystal display devices produced in Enbodiment 1. The
sumtotal thereof is regarded gE%the res$onse,s eed of each device, and

the result B% T8y FICS. th et handht 8%kt Chads pBRERr ARRaNGedr 6Bm
tenperature. Fig. 4 graphically shows the thickness d of the liquid
crystal | ay&omRAE Shctligh any (FPR e HoRB! t BRVHES: céthheragean = 0. 13 as
a representative exanple (sanples Nos. 9, 12, 15 with d 2.5 /Lmin Fig. 9
. For conpafastiblg ¢o 4 ed sz s hvwsinmeove@spbhieosprefitenf tyhe known
sanple No. 1 and the sanple 41 produced with d = 3 g m(An = 0.082 in each
sanpl e). As vuppioseld fraom dEesd Yiduididel2§tal helsebapndevispekdvihgnges
substantially in proportion to the square

sufficient transmissivity and superior driving

characteristic.

Other devices were also produced by forming, as a

liquid crystal orientation film, a polyimide film instead

of a silicon dioxide film, and controlling the

orientation by rubbing. The results were the same as

those mentioned above.

[Embodiment 2]

The response speed relative to a rise time (from

black to white) and a fall time (from white to black) was

measured in each of the reflex liquid crystal display

devices produced in Embodiment 1. The sum total thereof

is regarded as the response speed of each device, and the

result is shown in Fig. 5. The measurement was performed

at room temperature. Fig. 4 graphically shows the

thickness d of the liquid crystal layer as a function

with regard to the device having An = 0.13 as a

representative example (samples Nos. 9, 12, 15 with d =

2.5 pum in Fig. 5). For comparison, Fig. 4 also shows the

response speeds of the known sample No. 1 and the sample
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of the thickness of the liquid crystal layer. In the device of the present
I'nvention where the layer thickness dis less than 2 gmand An is nore

. 'than 0.1, it was proved to realize a high-speed response faster than 9nsec.
[ Conparative exanple 2] In the sane nethod as adopted for Enbodinent 1, a
reflex liquid crystal device (sanple No. 16) was produced by using a
liquid crystal material of An = 0.13 with a |ayer thickness of 3.5 um and
the liquid crystal driving characteristic was nmeasured. Fig. 7 graphically
shows the result in conparison wth the characteristic of sanple No. 1
obtained with An = 0.082. As shown, .the driving voltage in_the device
(sanpl e No.Rﬁ%éh&ﬁ?rﬂkﬁgl%WEr§ e (ABsPoRs882pedd casbasar@d edt r oom
tenperature in the_sane manne s in Enbadi nen was 46nsec. Since the
driving vol tage i n®% SW%&%O@ IEEF -as 1%V ad}c} sé) 1t H'§ PRI Speed was
rendered lower, and in a gray-scal e gradation of 25% the response speed
was further SRR shanFeheSWRTi IR bEY ADOPERROT FERBOBP nEhe SJuaRe The
transnissiviy% black | evel) at a zero applied voltage (black state) was
measur ed i n @hdhefihckness P ciyst bl gt dpraysteli taverodugedlia

Enbodi nent 1. For
device of the present invention where the layer thickness

d is less than 2 pm and An is more than 0.1, it was
proved to realize a high-speed response faster than 9msec.
[Comparative example 2]

In the same method as adopted for Embodiment 1, a
reflex liquid crystal device (sample No. 16) was produced
by using a liquid crystal material of An = 0.13 with a

layer thickness of 3.5 um, and the liquid crystal driving

characteristic was measured.

Fig. 7 graphically shows the result in comparison
with the characteristic of sample No. 1 obtained with An =
0.082. As shown, the driving voltage in the device
(sample No. 16) was much lower. The response speed
measured at room temperature in the same manner as in
Embodiment 2 was 46émsec. Since the driving voltage in a
half tone is low as 1V or so, the response speed was
rendered lower, and in a gray-scale gfadation of 25%, the
response speed was further lowered to the vicinity of
100msec.

[Embodiment 3]
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sysfénatically exam ning the black | evel changes caused in relation to the
thi ckness of the liquid crystal |ayer, devices having a |ayer thickness of
"3.5 um (sanples Nos. 17 - 19) were produced with the aforenentioned :

sanpl es of An,

and al so devices having a |ayer thickness of 2.5 gm were

pr oduced S|n1IarIy, and the bl ack-level transmssivity of each device was
nmeasured together with the sanples (Nos. 7 - 15) of Enbodinent 1. The
respective black |evel values are graphically shown in Fig. 8 where the
nuneri cal values'obtained in the devices mﬁth a | ayer thickness of 3.S gm

are indicated as 1 ng
8, the black | evel

becones t hi nner

ith the jindivi Ies of An. shown in Fig.
QQQRﬂ%FlW%H%r&@- Vﬁ#)lﬁﬁlﬂ %@@%t%wplbg@r
than 2 gmin an anple of An. In the device with a | ayer

t hi ckness ofvVal&age| fh}ack exbdpe W@ﬁemﬁﬂapéa@eanbta@kretféeél liguiidwer by
10 to 20% t han the val ue obtalned in any device with a layer thickness of
3.5 gm Thatc¥gstahedtomizrvsdevice herddyied bacBrbedimentgh.asF&rto 10
times. In the measuring optical unit of Fig. 7 having an F nunber of 3.85,
this trend reyelemrattcbblunexamiyingetine bhavkdéspelechaygebangasetl the F
nunber. (Enbodi ment 4] The devices (sanples Nos. 12, 9) of Enbodi nent 1

in relation to the thickness of the liquid crystal layer,
devices having a layer thickness of 3.5 unm (samples Nos.
17 - 19) were produced with the aforementioned samples of
An, and also devices having a layer thickness of 2.5 um
were producéd similarly, and the black-level
transmissivity of each device was measured together with
the samples (Nos. 7 - 15) of Embodiment 1. The respective
black level values are graphically shown in Fig. 8 where

the numerical values obtained in the devices with a layer

thickness of 3.5 um are inaicated as 100% with the

individual samples of An.

As shown in Fig. 8, the black level is extremely

lowered when the liquid crystal layer becomes thinner

than 2 um in any sample of An. In the device with a layer-

thickness of 1.5 um for example, the indicated black

level is lower by 10 to 20% than the value obtained in

any

the

device with a layer thickness of 3.5 um. That is,

contrast of the device becomes so high as 5 to 10

times. In the measuring optical unit of Fig. 7 having an

F number of 3.85, this trend remained substantially the
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with An = 0. 13 and a liquid crystal |ayer thickness of 1. 5 gmand 2.0 gm
were incorporated in the neasuring optical wunit having an F nunber of
'3.85, 3 and 2, and the black I|evel (black-state transm ssivity) of each
device was conpared with that of the known device (sanple No. 1). Fig. 9
graphically shows the results of such conparison. The bl ack |evel rises
wth a decrease of the F nunber. However, in the device of the present
invention, the black level is nmaintained |ower than that in the known

devi ce despite any change of the F nunmber. The white level transmssivity
in each devige was_ke substanti al | changed,at 0.6 or so. Therefore,
the bl ack I%@% $%f$g£%i?%¥tF a899e8¥tﬁ§ecgngP§§Frratio of the device.
Accordi ng togﬁ@ﬁ% gvi ce the invention, it 1is seen that in any optica
unit havi ng tmenhufber under 3, an equal or higher contrast can be
realized as conpared with the known device. The lower limt of the- F
nunber may be set FHeT SfeabiGes olsEmRletiNaer I ef @) af yEmbedment | b
conformty with the specification described above, a diagonally 0.7-inch
silicon reflwekth e =44 \ér tarshld yliaduighes ¥stpl dlayest ghicksedayofievi 8e was
produced, and the |um nance obtained by the use of a 120W lanp as a |ight
source was cempaned 2.0 qpreerecdhcorporated in the measuring optical

unit having an F number of 3.85, 3 and 2, and the black
_level (black-state transmissivity) of each device was
compared with that of the known device (sample No. 1).

Fig. 9 graphically shows the results of such
comparison. The black level rises with a décreasé of the
F number. However, in the device of the present invention,
the black level is maintained lower than that in the
known device despite any change of the F number. The
white level transmissivity in each device was kept
substantially unchanged at 0.6 or so. Therefore, the
black level ratio directly givéé the contrast ratio of
the device. According to the deﬁice of the invention, it
is seen that in any optical unit having a small F number
under 3, an equal or higher contrast can be realized as
compared with the known device. The lower limit of the F
number may be set preferably to 1.5, further preferably
to 2.0.

In conformity with the specification described

above, a diagonally 0.7-inch silicon reflex type
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projection optical unit having an F nunber of 3.85, 3.5, 3, 2.5 and 2. The
results are graphically shown in Fig. 10 where, as conpared with the
‘' um nance obtained in an optical unit of F nunber = 3.85, the |lum nance is
enhanced about 32% w th F nunber = 3, about 44%w th F nunber = 2.5, about
60% w th F nunber = 2, and sharply enhanced with F nunber S 3. However,
the Ium nance was enhanced nerely 15% or so with F nunber = 3.5, or not
changed substantially with F nunber = 1.5 as conpared wth the val ue
obtained with F nunber = 2. Regarding the contrast, even in an optical

er .than the value in

unit with F‘punber @SS_, he ngftras attaj ngd was._ hi g$
the known d&Vi cecabkY TP TR FEYSEASUILPPLRY pBY &ERI BRS syst em was
realized to neet the requirenments, for both a  higher |um nance and a hi gher
contrast in $3orART t HRe t HYRERRCE P kRbRd deyi Bhe peejefta HAOW
understood that the enbodi ments and exanples of the present invention
descri bed abARP Y del 1 FEi IPWHCS 3 DUPEPdRed htn basPsasticad techni cal
concept of the invention. For instance, the structure, material and so
forth 45 of RIS VWThaRt gt suit thaving |ax Finwilberrggt 3l 85di Spbay
device or those of an optical or projection system equipped with such
di spl ay devide Zr® aroi 3§ nilhed results are graphically shown in Fig.
10 where, as compared with the luminance obtained in an
optical unit of F number = 3.85, the luminance is
enhanced about 32% with F number = 3, about 44% with F
number = 2.5, about 60% with F number = 2, and sharply
enhanced with F number = 3. However, the luminance was
enhanced merely 15% or so with F number = 3.5, or not
changed substantially with F number = 1.5 as compared
with the value obtained with F number = 2. Regarding the
contrast, even in an optical unit with F number = 3, the
contrast attained was higher than the value in the known
device, as mentioned. That is, a superior projection
system was realized to meet the requirements for both a
higher luminance and a higher contrast in comparison with
those in the known device.
It is to be understood that the embodiments and
examples of the present invention described above may be
modified variously on the basis of the technical concept

0of the invention.

For instance, the structure, material and so forth
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nmerely to the aforenentioned ones alone, and may be altered with a variety
of nodifications. Thus, according to the present invention where the An of
“the vertically-aligned liquid crystal material is controlled to be nore
than 0.1, the transmissivity of the liquid crystal is saturated with
facility at a low .voltage below 5 to 6V despite a reduction of the

t hi ckness of the vertically-aligned liquid crystal.layer to less than 2
gm hence achieving satisfactory driving at a practically |ow voltage
whi | e attai ni ng anot her advantage of remarkabl e inprovenent in the

transm ssi vi jts T I o] ssible. to realize a

. superi or reo% etxﬂet ycegdé{pvoer}%ﬁg%%/&alé)fgn%ggl?%lfjllg c%/%‘tl%ﬁj cﬁﬁﬁ?gﬁy devi ce

whi ch indicat.es .a sufficient transm ssivity,,an. excellent | ow voltage
drivi ng chacilﬁﬁleﬁx 99T SF rERS e?ifsv\?l? h"'§¥¥53r1‘€:i""%zo‘i’"Ea@}éﬁ?j SRB PAst response
as well. Further inprovenents are realizable in a display apparatus, a
projection(ﬂ¥§§%ﬂrg%HﬂRHﬁQHWFEP'iﬁ%ﬁé@%$¥%@ﬁi%%Vé?es?g?eﬂ9by thetede of
such a display device. In these systens where the thickness of the 46
vertical | y- B9%ed 19 el afgengntignedienesduteret candieBaythan 2 gm the
bl ack level, which is considered to be proportional to the square of the

t hi ckness offlitsged with a variety of modifications. -

Thus, according to the presént invention where the
An of the vertically-aligned liquid crystal material is
controlled to be more than 0.1, the transmissivity of ‘the.
liquid crystal is saturated with facility at a low
.voltage below 5 to 6V despite a reduction of the
thickness of the vertically-aligned liquid crystal layer
to less than 2 um, hence achieving satisfactory driving
at a practiéally low voltage while attaining another
advantage of remarkable improvement in the transmissivity
itself. Therefore, it becomes possible to realize a
-superior reflex type vertically-aligned liquid crystal
display device which indicates a sufficient
transmissivity, an excellent low-voltage driving
‘characteristic (low required withstand voltage) and fast
response as well. Further improvements are réalizable in
a display apparatus, a projection optical system and a
projection display system by the use of such a display
device.

In these systems where the thickness of the
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liquid crystal |ayer, can be held low to thereby achieve a high contrast
even when the F nunber of the optical wunit is less than 3, and a high
"lum nance is also achievable with a small F nunber. Consequently, it
beconmes possible to provide a superior systemwhich is capable of
satisfying the requirenents for both a high contrast and a high | um nance.
47 CLAIMS: 1. Areflex liquid crystal display device conprising a first
substrate with a light transm ssive electrode, a second substrate with a
light reflective electrode, and a | ayer of vertically-aligned liquid
crystal materjial. | rposed bet n,said first,and second . subsirates :
posi ti oned g%%%é%%%ﬁfé %E§§F%§hg$§?ﬁ§a?§¥%t%f WREFE éﬁiﬁegPﬁﬁg %?ansnissive
el ectrode aqp said light reflective electrode are opposed nutually,

wherei n the &% c’ﬂfﬂ% of Meaithey Slaickaltieyedli ghddh ilguicPnadparad (tayer s
|l ess than 2 gm and the refractive index anisotropy On of said liquid
crystal mat 619 #TIROTAPIhaP othe 2AuaFe PEfThs Egﬁﬁkﬂeéﬁygfathﬁisplay
device according to claiml1, wherein a liquid crystal orientation filmis
formed on eacHIwid tHeyshalialayer oppaisdee fhetkd bewshe dthepebyt aahsevssi ve

el ectrode being transparent and said light reflective electrode, and said
a high contrast even when the F number of the optical

unit is less than 3, and a high luminance is also
achievable with a small F number. Consequently, it
becomes possible to provide a superior system which is
capable of satisfying the requirements for both a high

contrast and a high luminance.
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light reflective electrode is connected to a single- crystal sem conductor

_driving circuit of silicon or the |ike formed on said second substrate,

" thereby constituting an active driving type reflex liquid crystal display
device. 3. The reflex liquid crystal display device according to claim 2,
wherein said single-crystal 48 sem conductor driving circuit conprises a
driving transistor provided for each pixel on a silicon substrate serving .
as said second substrate, and said light reflective electrode is connected
to the output side of said driving transistor. 4. The reflex liquid
crystal display device according to claiml, wherein the pixel size is
| ess than aDAIMBEr 5. The reflex liquid crystal display device .according
to claim2, wherein a silicon oxide filmis fornmed as said liquid crysta
orientation film % A dediesy dspeichiy sl phleaPlaY ilatiece ef | ex i quid
crystal display device according to any of clains 1 to 5. 7. The display

appar at us a€eBPBif§ngoacfarftesubssnptiesighaal ilghhtssreaemiasiopti cal unit
for enabling incidence of the emtted light fromthe |ight source onto
electrode, a second substrate with a light reflective
electrode, and a layer of vertically-aligned liquid
crysta; material interposed between said first and second
substrates positioned opposite to each other in a state
where said light transmissive electrode and said light
reflective electrode are opposed mutually, wherein the
thickness of said vertically—aligned liquid crystal layer
is less than 2 um, and the refractive indéx anisotropy An
of said liquid crystal material is more than 0.1.

2. The reflex liquid crystal display device
according to claim 1, wherein a liquid crystal
orientation film is formed on each of the mutually
opposed facés of said light transmissive electrode being
transparent and said light reflective electrode, and said
light reflective electrode is connected to a single-
crystal semiconductor driving circuit of silicon or the
like formed on said second substrate, thereby
constituting an active driving type reflex liquid crystal
display device.

3. The reflex liquid crystal display device

according to claim 2, wherein said single-crystal

48



the reflex liquid crystal display device, said reflex |iquid crystal

di spl ay device, and an optical unit for introducing the reflected |ight
“fromsaid reflex liquid crystal display device, wherein all of said
conponents are disposed in an optical path of said apparatus. 8. The

di spl ay apparatus according to claim7, wherein the light emtted from
said light source is 49 incident upon said reflex liquid crystal display
device via a polarizer/converter and a pol arized beam splitter, and the
reflected light fromsaid reflex liquid crystal display device is

i ntroduced via said olar| ed peam . sgﬁltter a 9. The displ ay

appar at us actUMHFIRAYEERY F 5 6109 WRLF htsﬁPﬁpgéFﬁéxalﬁﬁﬁVﬂnErystal di spl ay
devi ce and said olarized pbeamsplitter are disposed for each of colors
respectivel ytt THer (R¥PEEIRY fepneaphapsxetoph ahallsapni aubptrateex
liquid crystal display devices are synthesized. 10. The di splay apparatus
according t ocSe¥ G RS Sikd esecaidlt subsfheteni enddsatdmiaghhite |ight
source is introduced to a dichroic color separation filter via said

pol ari zer/ coraferectivanledizrédehis beamsesepdr b ethet betptihr siigh are
further separated into |ight beans of individual colors, which are then

i nci dent uposekdidiriving transistor. '

4. The reflex liquid crystal display device
according to claim 1, wherein the pixel size is less than
10 um.

5. The reflex liquid crystal display device
according to claim 2, wherein a silicon oxide film is
formed as said liquid crystal orientation film.

6. A display apparatus equipped with the reflex -
liquid crystal display device according to any of claims
1 to 5.

7. The display apparatus according to claim 6,
comprising a light source, an optical unit for enabling
incidence of the emitted light from the light source onto
the reflex liquid crystal display device, said reflex
liquid crystal display device, and an optical unit for
introducing the reflected light from said reflex liquid
crystal display device, wherein all of said components
are disposed in an optical path of said apparatus.

8. The display apparatus according to claim 7,

wherein the light emitted from said light source is
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ref{ex liquid crystal display devices respectively via said polarized beam
splitter, and the reflected Iight beans are synthesized by neans of a
“prism 11. A projection optical systemwherein the reflex liquid crystal

di spl ay device according to any of claims 1 to 5 is disposed in an optical
path thereof. 12. The projection optical systemaccording to 50 claim 11,
conprising a light source, an optical unit for enabling incidence of the
emitted light fromthe light source onto the reflex liquid crystal display
device, said reflex liquid crystal display device, and an optical wunit

for introduciqg, he refl ected Iig?é fromsaid refl ex iquid crystal

. | .
di spl ay devi tRELIGHET S1RCR FAHE EafdeX cbhPEBhenfEYaFaldiépBiad FRVARSopti cal
path of said system_ 13, The projection optical systemaccording to claim
12, wherein Y4 3 iRMt2ehie¥£E8CRYBRT 85I anfi ahpolasired Psamnepdéhitetdpon said
reflex liquid crystal display device via a polarizer/converter and a
pol ari zed beaid spre txefleapedt hbghef frenedaiighefiesml sgiddr ekvexall i quid
crystal display device is introduced to a projection lens via said
pol ari zed bedriay tdeviegals. intdrodheegdrviacsadd pplacakedybeem accor di ng
"to claim13, wherein said reflex liquid crystal display device and said
pol ari zed bespi sipter taagadme di sposed for
9. The display apparatus according to claim 8,
wherein said reflex liquid crystal display device and
said polarized beam splitter are disposed for each of -
colors respectively, and the reflected light beams from
the individual reflex liquid crystal display deviceé are
syntheéized.
10. The display apparatus according to claim 9,
wherein white light emitted from a white light source is
introduced to a dichroic color separation filter via said
polarizer/converter, and the light beams separated
therethrough are further separated into light beams of
individual colors, which are then incident upon said
reflex liquid crystal display devices respectively via
said polarized beam splitter, and the reflected light
beams are synthesized by means of a prism.
11. A projection optical system wherein the reflex
liquid crystal display device according to any of claims

1l to 5 is disposed in an optical path thereof.

12. The projection optical system according to
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each of colors respectively, and the reflected Iight beans fromthe
i'ndividual reflex liquid crystal display devices are synthesized and
“introduced to said projection |lens. 15. The projection optical system
according to claim 14, wherein whitelight emtted froma white |ight
source is introduced to a dichroic color separation 51 filter via said

pol ari zer/converter, and the |ight beans separated therethrough are
further separated into light beans of individual colors, which are then

i ncident upon said reflex liquid crystal display devices respectively via

said pol ari e sp ter e f dl]

synt hesi zed % %Ieglnr?s’ ocjfom§ﬁsmﬂq1dal6ﬂg&{t§réo <t 'ort Jailggﬁlé%‘fn mrel n
the refl ex |d cr, dISp devi c, r di.n o any of claims 1 to
5is di sposeed‘% a9 ql tﬁeere%‘fec)fleffolﬁr@‘g %f%‘&t e HEhFay system
according to claim 16, nprising a light source, an optlcal unit for

enabl i ng i nSCHTEe VL ﬁg“eerﬁecquﬁd‘glllwlq (I il |dhR1A% AR EECONt 0 t he
reflex liquid crystal display device, said reflex Iiquid crystal display
devi ce, and S@idopafdex ldaid GrvshalodidmE Y Hevige ecindl a8 et ¢ sai d

reflex liquid crystal display device, wherein all of said conponents are
di sposed |numﬁ§.d%{|@ﬂtr q¢yﬂg5§hqueflected light from said reflex

liquid crystal display device, wherein all of said
components are disposed in an optical path of said system.

13. The projection optical system according to-
claim 12, wherein the light emitted from said light
source is incident upon said reflex liquid crystal
display device via a polarizer/converter and a polarized
beam splitter, and the reflected light from said reflex
liquid crystal display device is introduced to a
projection lens via said polarized beam splitter again.

14. The projection optical system according to
claim 13, wherein said reflex liquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display
devices are synthesized and introduced to said projection
lens.

15. The projection optical system according to
claim 14, wherein white light emitted from a white light

source is introduced to a dichroic color separation
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system 18. The projection display systemaccording to claim17, wherein
the light emtted fromsaid light source is incident upon said reflex
“liquid crystal display device via a polarizer/converter and a pol ari zed
beam splitter, and the reflected light fromsaid reflex 1liquid crystal

di splay device is introduced to a 52 projection lens via said polarized
beam splitter again, and further to a screen. 19. The projection-display
system according to claim 18, wherein said reflex liquid crystal display
device and said polarized beamsplitter are disposed for each of colors
respectively,, and the reflected |jght, beans_ fromthe indjvidual reflex
i qui d crystﬂ&lﬂcﬁrsmlzﬁ/ Sao“e‘gi%cgsa%]r%e VIRTHEST Loty ot Hie ottdel Becms; d
projection |ens. 20. The projection display systemaccording to claim 19,

wher ei n whi tERATFFEE MR FTIT D IF (AT HREE  SeRuFeked sinte r bigletd to a

di chroic color separation filter via said polarizer/converter, and the
| i ght beans Pegaarcft dddiieidial P T e Tik¢herrecphenat boicident | ipte  beans
of individual colors, which are then incident upon said reflex liquid
crystal di sl defiless Febpettgnndtal \displiy gevicesctesrentspélyter, and
the reflected |ight
via said polarized beam splitter, and the reflected light
beams are synthesized by means of a prism.
16. A projection display system wherein the reflex
liquid crystal display device according to any of claims
1 to 5 is disposed in an optical path thereof.
17. The projection display system according to
claim 16, comprising a light source, an optical unit for
enabling incidence of the emitted light from the light
source onto the reflex liquid crystal display device,
said reflex liquid crystél display device, and an optical
unit for introducing the reflected light from said reflex
liquid crystal display device, wherein all of said
components are disposed in the optical path of said
system,
18. The projection display systeﬁ according to
claim_17, wherein the light emitted from said light
source 1is incident upon said reflex liquid crystal
display device via a polarizer/converter and a polarized

beam splitter, and the reflected light from said reflex

liquid crystal display device is introduced to a
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beans are synthesized by neans of a prism 21. A projection optical system
wherein the reflex liquid crystal display device according to any of
‘claime 1 to 5, and an optical unit having an F nunber under 3, are

di sposed in an optical path thereof. 22. The projection optical system
according to claim2l, conprising a light source, an optical unit for 53
enabling incidence of the emtted [ight fromthe |ight source onto the
reflex liquid crystal display device, said reflex liquid crystal display
device, and an opti cal unit for i ntroduci ng the reflected Iight fromsaid

reflex liquid crystal evlge erel of g ponents are
dlsposed||19¥ﬁ9?§#}%%l ¢ 3atd Py’ feﬁ? ea$hgp r F%Et?g 1Bptica
system according_to cIa|n122 wherein the Ilght emtted fromsaid |ight
source is | RAUFHIHHN S FEFERR-1iquid crystal display device via a
pol ari zer/converter and a polarized beamsplitter, and the reflected |ight
fromsaid reflex ﬂﬁhU|aherpgpapcanepldyseéewceys§emnem@@u@e@gt¢0a
projection lens via said polarized beamsplitter again. 24. The projection
opti cal syst@mimchldiwvkerelin csaldn pafleket bfinidacdysbéledibpaiyd crysta
di splay device and said polarized beamsplitter are di sposed for

device and said polarized beam splitter are disposed for

each of colors respectively, and the reflected light

beams from the individual reflex liquid crystal display

devices are synthesized and introduced to said projection

lens.

20. The projection display system according to

claim 19, wherein white light emitted from a white light

source is introduced to a dichroic color separation

filter via said polarizer/converter, and the light beams

separated therethrough are further separated into light

beams of individual colors, which are then incident upon

said reflex liquid crystal display devices respectively

via said polarized beam splitter, and the reflected light

beams are synthesized by means of a prism.

21. A projection optical system wherein the reflex

liquid crystal display device according to any of claims

1 to 5, and an optical unit having an F number under 3,

are disposed in an optical path thereof.

22. The projection optical system according to

claim 21, comprising a light source, an optical unit for

53



eacﬁ\of colors respectively, and the reflected light beans fromthe

i'ndi vi dual

reflex liquid crystal display devices are synthesized and

“introduced to said projection lens. 25. The. projection optical syste
according to claim24, wherein white light emtted froma white |ight
source is introduced to a dichroic color separation 54 filter via said
pol ari zer/ converter, and the |light beans separated therethrough are
further separated into |ight beans of individual colors, which are th
incident upon said reflex liquid crystal display devices respectively
said pol ari zed am s

synt hesi zed BY teHNg {%éi§§$¢%ﬁ$ ZéﬁgAéﬁikfééfgﬁaﬁg?gﬁ?gsgggsiighﬁhere

the refl ex

5, and an opt?t=f® UMRtC h

ligqguid crystal disp]a evice according,to_any of clains
@?ﬁn@e’g#e% ﬂh%éﬁi aﬁuéFaé,gla%am dp¥aed i n an

optical path thereof. 27. The projection display systemaccording to
26, conprisiTRra 15%rx shifekd arvoptl caisphey fevicenasningni epfideate of
the emtted light fromthe |ight source onto the reflex liquid crystal

di spl ay deviWeit & direfoducinguilte crgtlactedspialyt dBvomesahddrafilepti cal
unit for introducing the reflected Ilight fromsaid reflex liquid crys
di spl ay devildequigshermisital |difpbay ddevice, wherein all of said

components are disposed in the optical path of said
system.

23. The projection optical system according to-
claim 22, wherein the light emitted from said light
source is incident upon said reflex liquid crystal
display device via a polarizer/converter and a polarized
beam splitter, and the reflected light from said reflex
liquid crystal display device is introduced to a
projection lens via said polarized beam splitter again.

24. The projection optical system according to
claim 23, wherein said reflex liquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display
devices are synthesiied and introduced to said projection
lens.

25. The projection optical sysfem according to
claim 24, wherein white light emitted from a white light

source is introduced to a dichroic color separation
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conponents are disposed in the optical path of said system 28. The
projection display systemaccording to claim27, wherein the |ight enltted
“fromsaid light source is incident upon said refl ex liquid crystal

-di spl ay device via a polarizer/converter and a polarized beamsplitter,
and the reflected light fromsaid reflex 55 liquid crystal display device
is introduced to a projection lens via said polarized beamsplitter again,
and further to a screen. 29. The projection display systemaccording to
claim 28, wherein said reflex liquid crystal display device and said

pol ari zed be itter ar e osed each_of cqlp ectlvely, and
t he reflectéﬁﬁqéﬁu l%éﬁﬁb {+ﬁ§¥2ﬁﬁ%Y%55?rfe??§x $?qé Erheenp
di splay devices are synthe5|zed and introduced to said projection |ens.
30. The proj¥RITGH % SPIAHL KL REdr HiFE e Separated, 1 Q%@réiﬁhﬁhite
light emtted froma white light source is introduced to a dichroic color
separati on Heanerokid&Hy ol 429 Le¥F$ colvieh exre ablder héntidant bepes
separated therethrough are further separated into |ight beans of
i ndi vi dual o ist ssefgthl gwid herys el ddhsplayndesicesreéspactiveald crystal
di spl ay devi ces respectively

' via said polarized beam splitter, and the reflected light

beams are synthesized by means of a prism.

26. A projection display system wherein the reflek
liquid crystal display device according to any of claims
1 to 5, and an optical unit having an F number under 3,
are disposed in an optical path thereof.

27. The projection displéy éystem according to
claim 26, comprising a light source, an optical unit for
enabling incidence of the emitted light from the light
source onto the feflex liquid crystal display device,
said reflex liquid crystal display device, and an optical
unit for introducing the reflected light from said reflex
liquid crystal display device, wherein all of said
components are disposed in the optical path of said
system.

28. The projection display system according to

-claim 27, wherein the light emitted from said light
source 1is incident upon said reflex liquid crystal
display device via a polarizer/converter and a polarized

beam splitter, and the reflected light from said reflex
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via said pol ari zed beam splitter, and the reflected light beans are
synthesi zed by nmeans of a prism 56

liquid crystal display device is introduced to a
projection lens via said polarized beam splitter again,
and further to a screen.

29. The projection display system according to
claim 28, Qherein said reflex.liquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display
devices are synthesized and introducedlto said projection
lens.

30. The projection display system according to
claim 29, wherein white light emitted from a white light
source is introduced to a dichroic color separation
filter via said polarizer/converter, and the light beams
separated therethrough are further separated into light
beams of individual colors, which are then incident upon
said reflex liquid crystal display devices respectively
via said polarized beam splitter, and the reflected light

beams are synthesized by means of a prism.
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